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Abstract
Unconventional superconductivity continues to be one of the most striking chapters
in condensed matter physics, by posing challenges to our theoretical understanding
of its origin. During the last three decades a large number of unconventional su-
perconductors with exotic properties have been found arising great interest, such
as the heavy fermion systems, high Tc cuprates as well as the Iron based super-
conductors etc. Sr2RuO4, the material I have studied, can be considered as an
exemplary case in this regard. In spite of more than two decades of comprehensive
research, Sr2RuO4 remains one of the most compelling superconductors till date.
Various experimental results give evidence that the superconductivity of Sr2RuO4 is
chiral: including measurements of the Kerr eect, sound velocities, critical currents
across junctions, and muon spin relaxation(µSR), the experimental technique at the
heart of this dissertation. Recent NMR Knight shift measurements suggests that
the pairing is most likely spin-singlet, and in the tetragonal lattice of Sr2RuO4, the
combination of singlet pairing and chirality compels consideration of an seemingly
unlikely order parameter: dxz ± idyz. It is unlikely because it comes along with a
horizontal line node at kz = 0, whereas Sr2RuO4 has a very low c-axis conductiv-
ity. And that makes the question whether or not the superconductivity of Sr2RuO4
is chiral, of great importance. This calls for an unique scenario in regard to our
understanding of unconventional superconductivity, as the presence of chirality in
Sr2RuO4 might imply a new form of pairing, which is yet to be rmly determined.
Chiral superconductors break time reversal symmetry by denition, and in general
time-reversal-symmetry breaking (TRSB) superconductivity indicates complex two-
component order parameters. Probing Sr2RuO4 under uniaxial pressure oers the
possibility to lift the degeneracy between such components. However, despite stren-
uous eorts, a splitting of the superconducting and TRSB transitions under uniaxial
pressure has not been observed so far.
In this thesis, I report muon spin relaxation measurements on Sr2RuO4 samples,
placed under uniaxial stress. The relatively large sample size suitable for µSR de-
manded for a customized uniaxial pressure cell in order to perform our experiments.
It has been a technically challenging task to have a fully edged uniaxial pressure
cell with stringent requirements, that is suitable for time restricted facility exper-
iments like µSR. The technical advancement has been documented thoroughly in
this thesis.
Using the dedicated uniaxial pressure cell, we observed the much awaited stress-
induced splitting between the onset temperatures of superconductivity and time-
reversal symmetry breakingconsistent with the qualitative expectations for a chiral
order parameter in Sr2RuO4. In addition to that, we report the appearance of a
bulk magnetic order in Sr2RuO4 under higher uniaxial stress for the rst time, above
the critical pressure at which a Lifshitz transition is known to occur. The signal
in the state appearing at high stress qualitatively diers from that in the TRSB
state in unstressed Sr2RuO4, which provides evidence that the enhanced muon spin
relaxation at lower stresses is not a consequence of conventional magnetism. As
a whole, our results strongly support the idea of two-component superconducting
order parameter in Sr2RuO4, that breaks time-reversal symmetry.
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1 Introduction
Unconventional superconductors continue to oer unresolved questions regarding the
theoretical understanding of its origin. Since last three decades a large number of
unconventional superconductors have been discovered including the heavy fermion
systems, high Tc cuprates as well as the Iron based superconductors, organic com-
pounds and the eort towards understanding their complex phase diagrams has led
us to explore novel experimental and theoretical methods. One such example is
Sr2RuO4, the system I have studied.
The symmetry of the superconducting order parameter in Sr2RuO4 continues to be
a mystery, despite more than two decades of extensive research[KYRT20]. For most
of its history, Sr2RuO4 was discussed as an unconventional superconductor with a
chiral p wave order parameter, having the form px ± ipy. One of the strong ex-
perimental evidences leading to this conclusion was the observation of an enhanced
zero-eld muon spin relaxation in the superconducting state[LFK+98], which is seen
only in a handful of systems. This enhancement is caused by the appearance of
spontaneous elds, that are believed to be generated by a time reversal symme-
try breaking(TRSB) order parameter. The other evidences for chirality came from
the observation of Polar Kerr eect[XMB+06] and junction experiments indicating
domains[NSY+12] in the superconducting state. The evidence for equal-spin pair-
ing came from nuclear magnetic resonance which did not show any changes in the
Knight shift below Tc[IMK+98], that was further supported by polarized neutron
scattering measurements[DHM+00]. However, a major experimental challenge to
this interpretation comes from scanning SQUID microscopy where no surface cur-
rents were detected, that would correspond to the spontaneous elds seen by muons
[HKL+10], i.e. muons are seeing a eld that scanning SQUID doesn't. Ever since,
a great amount of eort has been given to reconcile these seemingly contradictory
experiments, however, a consensus is yet to reach.
Recently, in the revised experiments NMR Knight shift was found to be suppressed
below Tc, a result strongly suggesting the presence of spin singlet pairing in the
superconducting state of Sr2RuO4 [PLC+19]. Additionally, recent eld-dependent
17O Knight shift measurements argues that Sr2RuO4 in fact cannot be an odd-
parity superconductor, as the spin susceptibility quantitatively tracks the electronic
heat capacity[CPK+21]. On the other hand, a thermodynamic discontinuity was
observed in recent ultrasound measurements, which can be caused only by a two-
component superconducting order parameter[GSJ+20], supporting the hypothesis
of chirality. Therefore, in light of the recent experimental observations, if the su-
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perconducting order parameter in Sr2RuO4 is constrained to be even parity, and
chiral, that is composed of degenerate components in the tetragonal lattice struc-
ture : the only choice that remains is a chiral d wave order parameter, having the
form dxz ± idyz. However, realizing this particular order parameter in Sr2RuO4 is
going to be challenging. Sr2RuO4 is a highly two-dimensional material, with weak
interlayer coupling, whereas this order parameter implies pairing dominated by in-
terlayer coupling as it comes with a line node at kz = 0. Therefore, it has become
vital to determine whether Sr2RuO4 is a chiral superconductor or not, as the answer
might lead us to considering new forms of pairing.
The degeneracy between the two components of the superconducting order param-
eter is lifted by in-plane uniaxial pressure, as suggested by mean eld theory for a
chiral superconductor, and it is expected to result in a split superconducting tran-
sition [SU91]. Evidence for such splitting has not been observed, either in heat
capacity measurements under uniaxial pressure, or in the stress dependence of Tc
[LKS+21, HBY+14, WGM+18].
In this work, we combine µSR technique, and uniaxial pressure measurements in
order to look for this stress induced splitting between the transitions. Enhanced
muon spin relaxation is one of the very few tools by which TRSB superconductivity
has been identied in a handful of systems [HQC09, SFC+12, BLN+13, ZDH+],
and the superconductivity of Sr2RuO4 is greatly perturbed by the application of
uniaxial pressure. Therefore combination of these techniques is expected to shed
some light in the ongoing discussion regarding the chirality of the superconducting
order parameter in Sr2RuO4, by providing non-thermodynamic evidence of the much
awaited stress induced splitting. This thesis is structured as follows: In chapter
2, I briey describe the basic concepts in superconductivity such as outlining the
BCS theory and Ginzburg Landau theory. The physics of Sr2RuO4 is discussed in
chapter 3. In chapter 4, I discuss the physics of µSR technique. Combining µSR
experiments with uniaxial pressure studies are technically challenging to start with,
as the commercially available strain devices are not suitable for µSR, mainly due
to sample size requirements. Therefore in order to perform our experiments, we
needed to develop a dedicated uniaxial pressure cell. The development, calibration
and realization of the uniaxial pressure cell is described in Chapter 5, with detailed
examples demonstrating its ability. The µSR results are presented in chapter 6,
where we have observed the stress induced splitting between the order parameter
components, additionally for the rst time a bulk magnetic order has been observed
at high stress. The results are summarized in chapter 7, where I have presented
an experimental phase diagram and talked about some key directions for further
exploration as well. The appendix describes the process employed to determine
stress values, and a complete list of scientic publications are given at the end of
this dissertation.
2
2 Basics of superconductivity
In this chapter I will start with recapitulating the basic concepts of superconductiv-
ity, followed by a brief outline of some aspects of BCS theory. The discussion will
be then expanded to the notion of unconventional superconductivity.
Superconductivity has been one of the most fascinating chapters of modern physics
since its discovery in 1911. The superconducting state is characterized by a vanishing
static electrical resistivity at the critical temperature(Tc), observation of ideal dia-
magnetism and the appearance of quantized magnetic ux lines. The phenomenon
of superconductivity was discovered in 1911 by Kamerling Onnes, through the ob-
servation of a large drop in the resistivity of Mercury at ∼ 4.2 K [Onn11]. Another
important step for understanding superconductivity appeared in 1933. W. Meissner
and R. Ochsenfeld showed that superconductors not only prevent a magnetic eld
from entering but actively expel the magnetic eld from their interior [MO33]. In
other words, superconductors are perfect diamagnets (χ = −1). Also known as the
Meissner eect, this event indicated that a particular magnetic eld would destroy
the superconductivity of a material, known as the critical eld(Hc). Later on, su-
perconductors were categorized into type I and type II. In type II superconductors
there are two superconducting phases.The Meissner phase wherein the Meissner ef-
fect is valid, for applied magnetic eld H < Hc1. At an external magnetic eld of
Hc1 < H < Hc2 a lattice of normally conducting laments, the so-called vortices
is formed, and each of them contains a magnetic ux quantum. This is known as
Shubnikov phase or mixed phase, in which the ideal diamagnetism is attenuated.
It took about half a century to nd a proper theoretical explanation of supercon-
ductivity. In 1957, the rst microscopic theory for superconductivity was proposed
by John Bardeen, Leon Cooper and Robert Schrieer- known as the BCS the-
ory[BCS57]. Cornerstones and key consequences of this theory can be summarized
as: the formation of an energy gap of magnitude 2∆ at the Fermi energy, the as-
sumption of an attractive potential between electrons leading to Cooper pairs, and
the introduction of fermionic quasi-particles instead of the electrons. After it's dis-
covery, BCS theory of superconductivity seemed to be the nal word on the subject.
It also provided the explanation of macroscopic electro- and thermodynamic prop-
erties.
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2.0.1 Ginzburg Landau Theory
A completely dierent approach to the same problem came from Ginzburg and
Landau [GL50]. The phenomenological model, now known as the Ginzburg-Landau
theory, was published in 1950, seven years ahead of the BCS theory. The physics of
symmetry changes taking place in a superconductor at Tc, is most simply understood
using this theory. The key quantity here is the so called `order parameter' describing
the superconducting phase. It grows continuously from zero below Tc and vanishes
in the normal state i.e. T > Tc. Ginzburg-Landau theory builds upon the concept
of spontaneous symmetry breaking at a second order phase transition. The gain in
the free energy density f can be expanded around Tc in the order parameter ψ(r),
a complex wave function describing the superconducting condensate
fs(T,H)− fn(T,H) = α0(T −Tc)|ψ(r)|2 +
β
2
|ψ(r)|4 + 1
2m
|(−iℏ∇+2eA)ψ(r)|2 + ...,
(2.1)
where α0, β > 0 and they are functions of temperature. The energy gain in the
left hand side is known as condensation energy. The wavefunction relates with the
density of coherent Cooper pairs as
|ψ|2 ∝ ns.
For any ψ(r) another wavefunction ψ(r)eiϕ(r) can easily be found with exactly the
same free energy, where ϕ is any arbitrary phase angle. It is known as a Global Gauge
transformation, the free energy density presented in Eq. 2.1 is invariant under this
transformation. The operation ψ(r)eiϕ(r) rotates a point by an angle ϕ around the
origin. Mathematically, the symmetry group of these rotations is known as U(1), the
group of unitary transformations in one dimension. This symmetry can be broken
spontaneously, while the system changes naturally by cooling below the transition
temperature. In the normal state of a superconductor, i.e. at T > Tc, ψ(r) = 0,
where as below Tc it is non zero. Therefore, below Tc the system is changed by the
transformation ψ(r) → ψ(r)eiϕ(r), thereby breaking the symmetry. The expansion
of the free energy density up to fourth order is valid only for small ψ(r), limiting its
validity to temperatures not too far below Tc.
Two characteristic length scales of superconductors can be deduced by using Ginzburg-
Landau theory :
 penetration depth λ : the length scale over which a magnetic eld is screened
from the bulk, and
 coherence length ξ : the extension of the Cooper pairs i.e. the minimal length
scale over which the superconducting order parameter can vary.
Their dimensionless ratio K = λ
ξ
is known as Ginzburg-Landau parameter, which
distinguishes between type I(K < 1√
2
) and type II(K > 1√
2
) superconductors, men-
tioned earlier.
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The Ginzburg-Landau theory is the simplest yet only way through which symme-
try properties of superconductors can be understood, allowing a formulation which
doesn't need any detailed microscopic understanding of a superconductor. Soon af-
ter the full microscopic theory of superconductivity was proposed, it was shown that
Ginzburg-Landau theory could be derived from the BCS theory, and close to the
superconducting transition temperature Tc they correspond to each other. [Sch18].
2.0.2 BCS theory
In this section the main features of BCS theory will be summarized.
Superconductivity is a striking example of an emergent phenomenon : from the
complexities of a many-body system that is made up of correlated electrons and
an ionic lattice a coherent superconducting state emerges which can be described
by a simple wave function. This wavefunction, rst proposed by Bardeen, Cooper
and Schrieer, forms a central part of their theory of superconductivity. At the
heart of the so-called BCS theory is the concept of Cooper pairs. Cooper showed
that an arbitrarily weak attractive interaction between electrons would lead to a
signicant rearrangement of the Fermi surface, resulting in the formation of quasi-
bound electron pairs.
Let's consider a material with a lled Fermi sea at T = 0. Now, if we are going
to add two more electrons which interact with each other attractively, but with the
other electrons in the Fermi sea only via Pauli exclusion principle, the system can
be described by a zero momentum two particle wave function of the form
Ψ0(r1, r2) =
1√
2
(| ↑1↓2⟩ − | ↓2↑1⟩)
∑
|k|≥kF
gke
ik.r1e−ik.r2 , (2.2)
where r1 and r2 are the coordinates of the two electrons. Electrons with opposite
momenta are chosen, as a state with a total momentum of zero is expected to have
the lowest energy. The total wave function has to be antisymmetric with respect
to exchange of electrons and the spin part is antisymmetric here, resultantly the
spatial part has to be symmetric i.e.
gk = g-k.
Subject to a weak attractive interaction V (r1 − r2), the Schrödinger equation be-
comes ∑
|k|≥kF
(2εk + V (r1 − r2))gkeik.r = E
∑
|k|≥kF
gke
ik.r1 (2.3)
=⇒ 2εkgk +
∑
k′
Vk′-kgk′ = Egk. (2.4)
5
Now, we consider a weak attractive interaction, present only in a thin shell around
the Fermi surface :
Vk′-k =
{
−|V | for εF < εk < εF + ℏωD
0 otherwise,
(2.5)
where ωD is the Debye frequency. That is, interactions within the metal's frequency
range are considered only(see Fig. 2.0.1). Now using the value of Vk′-k, we try to
solve Eq. 2.4 self-consistently
(E − 2εk)gk = −|V |
∑
k′
gk′ (2.6)
=⇒ 1 = −|V |
∫ εF+ℏωD
εF
1
E − 2εk
g(εF )dε (2.7)
=⇒ E = 2εk − 2ℏωDe−2/|V |g(εF ). (2.8)
The energy of the pair is lower in comparison with two independent states, i.e. a
bound state exists. These bound states of two electrons are called `Cooper pairs'.
A calculation of the weighting coecient g
k
in Eq. 2.2 shows that it does not depend
on the direction of k, so the Cooper pair has s-wave symmetry. Moreover the Cooper
pair must be spin-singlet due to the overall requirement that its wavefunction be
antisymmetric under particle exchange.
Electrons interact primarily by the Coulomb force so the obvious question that still
remains : how come there is an attractive interaction that leads to superconductivity.
The answer was given by BCS theory : coupling between electrons and the lattice. In
case of metals, the ions forming a lattice are not stagnant but oscillating around their
equilibrium position at any nite temperature. Collective excitations of this ions are
called Phonons, waves that are moving through the lattice and thus modulating the
charge density. Now, if we think of an electron also moving through the lattice and
subject to this periodic potential modulation, it is likely to get diracted. Once an
electron-phonon scattering takes place, the electron exchanges momentum with the
lattice- so the momentum of the Bloch wave changes. However, the total crystal
momentum stays constant. One electron can scatter and produce a phonon which
propagates through the lattice and then gets absorbed by a second electron. In
this way, two electrons can interact indirectly, in an attractive manner. Through
the creation and annihilation of phonons, electrons can exchange momentum. The
eective attraction between the two electrons at small energies may be large enough
to overcome the repulsive Coulomb interaction and thus Cooper pairing can take
place.
A simple instinctive picture is presented in Fig. 2.0.2. In addition to Couloumb
repulsion, electrons are attracted by the positive ions making up the lattice. In
6
Figure 2.0.1: Cooper pairs: A two-electron state |k↑, -k↓⟩ formed by two elec-
trons of (near) opposite momentum and opposite spin undergoes
momentum conserving scattering. That leads to the formation of
a new state |k′↑, -k′↓⟩ of the same, opposite-momentum structure.
Reproduced from [AS10].
particular, if we imagine a snapshot of a single electron entering a region of the metal,
it will create a net positive charge density near itself by attracting the oppositely
charged ions. What is to be noted here is, a typical electron close to the Fermi
surface moves with a velocity much larger than the velocity of the ions. So by the
time the ions have polarized themselves, the 1st electron will be long gone and the
2nd electron will be able to lower its energy with the concentration of positive charge
before the ionic uctuation relaxes away. Historically, this electron-phonon `pairing'
mechanism was suggested by Fröhlich in 1950, and conrmed by the discovery of the
`isotope eect', where Tc was found to vary as M−1/2, M being the isotopic mass.
So far, we have considered only two electrons above the lled Fermi sea, but the idea
needs to be extended for real metals consisting of many electrons. The missing piece
of the puzzle came from Schrieer who introduced a macroscopic wave function. His
notion was that the ground state is nothing but a coherent state of Cooper pairs
giving a lower energy than the bare Fermi gas:
|ψBCS⟩ =
∏
k
(uk + vkc
†
k↑c
†
−k↓) |0⟩ (2.9)
Where |0⟩ denotes the electron vacuum and |uk|2 + |vk|2 = 1. The probability
of the Cooper pair (k↑,-k↓) being occupied is given by |vk|2, and that of it being
unoccupied by |uk|2 = 1− |vk|2.
We now proceed to write down the model Hamiltonian for the theory, and it is most
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Figure 2.0.2: Eective attraction of two electrons due to phonon exchange. Re-
produced from [Blu09].
easily done in the language of second quantization. The proposed Hamiltonian,
including the attractive interaction between the Cooper pairs is taken to be:
Ĥ =
∑
kσ
εkc
†
kσckσ − |V |
∑
k,k′
c†k′↑c
†
−k′↓c−k↓ck↑ (2.10)
with c†kσ and ckσ as creation and annihilation operators of the states |kσ⟩.
An alternative approach provides the quasiparticle spectrum of the coherent state
in a straightforward manner. It is given by the mean eld theory which allows us
to reduce the interaction part. Substituting
c†k↑c
†
−k↓c−k↓ck↑ ≈ ⟨c
†
k↑c
†
−k↓⟩c−k↓ck↑ + c
†
k↑c
†
−k↓⟨c−k↓ck↑⟩ (2.11)
The Hamiltonian becomes
Ĥ =
∑
kσ
εkc
†
kσckσ −
∑
k
∆kc
†
k↑c
†
−k↓ −
∑
k
∆∗kc−k′↓ck′↑ + const, (2.12)
where the gap function appears for the rst time
∆k = −
∑
k′
Vkk′ ⟨c−k′↓ck′↑⟩ . (2.13)
This hamitonian can be diagonalized by a unitary transformation. In this case we
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a
b
Figure 2.0.3: Energy Gap : a : Energy eigenvalues ±Ek of the BCS wave-
function near the Fermi energy. Dashed lines correspond to the
electron and hole energies in a normal metal.
b : BCS quasiparticle weights, |uk|2 for electrons and |vk|2 for
holes. Reproduced from [Ann04].
use Bogoliubov transformation :(
γk↑
γ†−k↓
)
=
(
u∗k vk
−v∗k uk
)(
ck↑
c†−k↓
)
|uk|2 =
1
2
(
1 +
εk
Ek
)
|vk|2 =
1
2
(
1− εk
Ek
)
.
(2.14)
Where the energy eigenvalues created by the new operators are ±Ek :
Ek =
√
ε2k +∆
2
k. (2.15)
Now, the Hamilton operator can be simplied apart from the negligible constant:
Ĥ =
∑
kσ
Ekγ
†
kσγkσ (2.16)
with the creation and annihilation operators of the Fermionic Bogoliubov quasi-
particles as γ†k and γk respectively. This also explains the physical meaning of Ek as
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Figure 2.0.4: Temperature dependence of the energy Gap. Reproduced
from [Tin04].
the quasi-particle energy and 2∆k as the energy gap at the Fermi energy. The energy
gap is the value of the energy required to break a Cooper pair. The Bogoliubov
quasi-particles are therefore solutions of the ground state, constructed by a mixture
of creation and annihilation operators. Above the critical temperature, i.e. in the
normal state, ∆ = 0. Fig. 2.0.3 (a) shows that the quasiparticle excitations are
the normal particle and hole excitations from the Fermi sea(dashed lines). Below
the superconducting transition temperature the excitation spectrum is modied to
±Ek and the minimum energy for excitations is now 2∆. The fermion weights for
these states are plotted in Fig. 2.0.3 (b). The order parameter as a function of
temperature can be calculated using the gap equation :
∆k = −
∑
k′
Vkk′
∆k′
2Ek′
tanh
βEk′
2
(2.17)
Where β = 1
kBT
.
The magnitude of the gap can be calculated numerically using this self consistent
equation, with known Vkk′ . The temperature dependence of the gap function is
plotted in Fig. 2.0.4. The gap grows continuously from zero at Tc to its maximum
value of ∆(0) = 1.76kBTc at absolute zero temperature.
Unconventional superconductivity
This form of BCS theory was extremely successful in describing the properties of
all superconductors known at that time, which were mostly phonon mediated weak
coupling superconductors. However, starting with the breakthrough discovery by
Alex Müller and Georg Bednorz in 1986 [BM86], BCS theory subsequently became
inadequate to fully explain the properties of a large class of superconductors, dis-
playing a variety of fascinating unexpected behaviours. Bednorz and Müller created
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a brittle ceramic compound that superconducted at 30 K, highest critical temper-
ature known up to then. This discovery triggered a urry of activity in the eld
of superconductivity leading to material discoveries bringing Tc up to ∼133 K at
ambient pressure[SCGO93]. Succeeding developments occurred when the families of
heavy fermion superconductors [SAB+79, ORFS83] and iron-based superconductors
were discovered [KHH+06, RCD+08, RTJ08].
We have seen that a spin-singlet superconducting state with s-wave symmetry ap-
pears naturally by considering phonon-mediated pairing. This usually occurs in
metals, where the conduction electrons can move nearly freely through the lattice.
However, in so-called strongly correlated electron systems, electrons are usually
more closely associated with atomic orbitals and hold on to their localized charac-
ter strongly, like in transition metal oxides or rare-earth intermetallics. The nearly
localized electrons are considerably slower in their motion such that Coulomb in-
teractions are comparable to the kinetic energy or even larger. Under this scenario
the retardation eect(Fig. 2.0.2) is usually not of help and Coulomb interaction can
dominate over the attractive electron-phonon coupling.
In Eq. 2.2 the wave function of a Cooper pair was written considering a singlet spin
state. One can write a more general form of the wave function as a product of the
spin and orbital part:
Ψ0(r1, σ1, r2, σ2) = f |r1 − r2| χ(σ1, σ2) (2.18)
Since two (identical) Fermion's pair requires that their wave function is antisym-
metric under exchange, that yields following conditions:
Ψ0(r2, σ2, r1, σ1) = −Ψ0(r1, σ1, r2, σ2) = f(−|r1 − r2|) χ(σ2, σ1) (2.19)
⇒
{
f(−r) = f(r), χ(σ1, σ2) = −χ(σ2, σ1), l = 0, 2, 4, ..., S = 0
f(−r) = −f(r), χ(σ1, σ2) = χ(σ2, σ1), l = 1, 3, 5, ..., S = 1
(2.20)
where r = r1 − r2. The spin part can either have total spin S = 0 (singlet) or S
= 1 (triplet). And the orbital part can be written in terms of Laplace's spherical
harmonics Yml where its parity is given by (−1)l. The antisymmetric spin-singlet
state must be accompanied by a symmetric orbital wave function, l = 0(s wave),
2(d wave), etc., where the names are in analogy to those of the atomic orbitals. In
absence of spin-orbit coupling a pure spin triplet superconductor is odd parity, and
a pure spin singlet superconductor is even parity. However, decomposing the wave
function into spin and orbital parts is not always possible, due to the presence of
spin-orbit coupling. So a safer language to use might be the `parity' itself, although
the usual practice of describing an odd-parity superconductor as spin-triplet and an
even-parity state as spin-singlet is still widely followed.
The zeroth order approach to understand the behaviour of electrons in condensed
matter includes approximation that electrons do not interact with each other. It
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is valid when electron wave functions are suciently widespread, thereby averaging
out the Coulomb forces by the so called `mean-eld' treatment. However, this sce-
nario turns out to be impractical in many real systems where the electronelectron
repulsion gets highly signicant, and the electrons are said to be `correlated' with
each other inside the system. Strongly correlated electron systems that are char-
acterised by large on-site Coulomb repulsion hence favours Cooper pairing in some
higher angular momentum channel, in order to avoid the short-range repulsion. By
extending BCS theory, it is possible to describe both the spin and k dependence of
the gap structure in such cases. The gap structure no longer needs to be isotropic,
it can vary around the Fermi surface. There can be phase and amplitude changes
as well as nodes in the gap structure- a scenario referred to as 'unconventional su-
perconductivity'.
There are several other ways to dene unconventional superconductivity [Ste17]. In a
conventional BCS superconductor, the only symmetry broken is the one-dimensional
global gauge symmetry, U(1), mentioned earlier. In an unconventional superconduc-
tor, one or more additional symmetries can be broken. For example, higher angular
momentum wave functions (p, d and f) as well as s ± pairing all break reection
symmetry. Hence, another denition of unconventional superconductivity could be
in which at least two symmetries are broken at Tc. However, as it seems at present,
the most general denition should concern the phase of the superconducting order
parameter. So to be more accurate one can say, superconductors can be classied
as conventional or unconventional on the basis of whether the phase of the order
parameter is isotropic in momentum space or not.
In this thesis, I will focus on Strontium Ruthenate (Sr2RuO4), which is one of the
most thoroughly studied unconventional superconductors. Although its normal-
state electronic structure is known with exceptional precision, the superconducting
state continues to oer surprises even after more than two decades of extensive
research[KYRT20]. Almost every experimental method in condensed matter physics
has been applied to Sr2RuO4 but still there is a lack of consensus regarding the
symmetry of the superconducting order parameter. The next chapter will focus on
the physics of Sr2RuO4.
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3 Sr2RuO4: an intriguing
superconductor
In this chapter, I sketch the background that motivated us to perform muon spin
relaxation measurements on Sr2RuO4 under uniaxial pressure. Thereafter, the latest
scenario is summarized.
3.1 Normal state properties
The discovery of high-Tc superconductivity in the cuprates in 1986 led to extensive
searches for superconductivity in other transition metal oxides. Finally, the suc-
cess came through Sr2RuO4, but soon it became clear that the dierences between
Sr2RuO4 and the cuprates were much larger than the similarities. The supercon-
ductivity in Sr2RuO4 was discovered by Maeno et al. in 1994[MHY+94].
The crystal structure of Sr2RuO4 is shown in Fig. 3.0.1(a). It is isostructural with
La2CuO4, the parent compound of high Tc superconductor La2−xBaxCuO4. Despite
their structural similarity, the electronic properties are very dierent : Sr2RuO4 is
strongly metallic and a superconductor at low temperature, whereas La2CuO4 is an
antiferromagnetic insulator. Sr2RuO4 is a body-centered tetragonal lattice having
a = 3.862 Å, c = 12.722Å [CJS+98a]. The superconductivity of Sr2RuO4 emerges
from a metallic state that is a strongly two dimensional Fermi liquid. Quantum
oscillation measurements showed enhanced band masses over the calculated band
values on all three sheets[MJD+96]. The two-dimensional structure of the Fermi
surfaces is in agreement with resistivity measurements. Fig. 3.0.1(b) shows the in-
plane and out-of-plane resistivity as a function of temperature. Conductivity is much
higher in the RuO2 planes in comparison to the direction perpendicular to them, as
expected from the crystal structure. Both the in-plane(ρab) and out-of-plane resis-
tivity (ρc) show metallic behavior and follow the form of ρ0 +AT 2 at temperatures
below 30 K. This T2 dependence of ρ at low temperatures is consistent with the
predictions of the Fermi-liquid theory of metals. The low temperature resistivity
anisotropy is as high as ρ0,c/ρ0,ab ∼ 4000 [OMN+00]. A remarkable feature is also
visible here: the very low residual resistivity of less than 1 µΩcm, gives evidence
of the high sample purity. Evidence for enhanced quasiparticle mass in Sr2RuO4
was also observed in specic heat measurements, in agreement with quantum oscil-
lation data[NMM00, MJD+96, MIM+98]. Additionally, the spin susceptibility was
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a
b
Figure 3.0.1: a : Crystal structure of Sr2RuO4. RuO2 layers are largely
separated by the SrO spacer layers in this perovskite structure.
The ruthenium ions are at the centres of RuO6 octahedra.
b : Anisotropic resistivity in Sr2RuO4. The dashed line in
the inset, shows the low temperature T2 dependence expected for
a Fermi liquid. Reproduced from [HMC+98].
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found to be enhanced over the calculated band values, pointing towards enhanced
correlation eects[MYH+97, IHTC98].
3.1.1 Band structure
In Sr2RuO4, the oxidation state of the Ruthenium ion is Ru4+, leaving four elec-
trons remaining in the 4d shell. The Ru ion sits at the center of a RuO6 octahe-
dron, and the crystal eld of the O2− ions splits the ve 4d states into threefold
(t2g) and twofold (eg) subshells. The t2g subshell lies lower in energy because these
orbitals(xy, xz, yz) have lobes that point not toward, but between the O2− ions lying
along the x-, y-, and z-axes. The four valance electrons are distributed among the
three bands formed by the t2g levels.
Very little overlap is present for the orbitals along c axis as SrO layers are insulat-
ing, so the band structure is approximately two dimensional. The dxz orbitals are
oriented along xz plane, hence a signicant overlap is present for the nearest neigh-
bours along the x axis but not the y axis. Therefore the band dispersion depends
mainly on kx, forming an open Fermi sheet perpendicular to the x axis. Likewise,
the dyz orbitals produce another Fermi sheet perpendicular to the y axis. However,
in the ab plane, neighbouring RuO6 octahedra share O ions, which, in turn, are
π-bonded with the Ru ions. Therefore, the dxy orbitals of the neighbouring Ru
ions have a strong overlap along both x and y axes due to their shared Oxygens.
Along with that, next nearest neighbour overlapping is also present as the lobes are
oriented along 45◦ to the crystal axes. They produce an approximately cylindrical
Fermi surface. Mixing between xy and xz or yz orbitals are very weak due to their
dierent parity under the reection z → -z. But the dxz and dyz orbitals hybridize
to form a hole like cylinder, α, centred around the zone corners and an electron like
cylinder, β, around the centre of the zone. The dxy derived band is called γ, it is
electron-like and centred in the zone.
Fig. 3.1.1(a) shows a qualitative sketch of the Fermi surfaces as calculated from a
two dimensional tight-binding model. The structure as deduced by the De Haasvan
Alphen(dHvA) measurements[BMJ+03] is shown in 3.1.1(b), consisting of three
quasi-two-dimensional Fermi sheets α, β and γ with corrugations along the kz di-
rection. The k-space structure of the Fermi surfaces have as well been conrmed by
the Angle resolved photo emission spectroscopy(ARPES) measurements[DLS+00],
which is sensitive to the surface, see Fig. 3.1.1(c). An important feature of the
Sr2RuO4 band structure is that the γ sheet is in proximity to the van Hove singular-
ity (VHS) at the M-point of the Brillouin zone. VHS is a point in the band structure
where the group velocity of the quasiparticles goes to zero and the local density of
states diverges (in 2D systems). Replacing Sr2+ in Sr2RuO4 with La3+ gives extra
electrons, raising the lling at the Fermi level. By doping La-atoms into Sr2RuO4,
the γ sheet can be forced to reach the VHS. ARPES results on Sr2−yLayRuO4 showed
that the VHS lies 14 meV above the Fermi energy in clean Sr2RuO4[SKB+07].
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a
b c
Figure 3.1.1: a : Sketch of the Fermi surfaces in Sr2RuO4. The dxz and
dyz orbitals hybridize to form α and β sheets. Reproduced from
[BMJ+03].
b : Visualization of experimentally constrained Fermi sur-
faces of Sr2RuO4. Corrugation along the c-axis is exaggerated
by a factor of 15 for clarity. Reproduced from [BMJ+03]. The
holelike α sheet is shown by the four (brown) cylinders. The β
sheet is the central (silver) cylinder with a nearly square cross
section. The γ sheet is the outer central cylinder(Golden) with a
nearly circular cross section.
c : In-plane Fermi surface cross sections obtained from an ARPES
study [DLS+00].
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3.1.2 Magnetic excitations
The facts that the Landau parameters of Sr2RuO4 are very similar with those of
3He, and that the closely related oxide SrRuO3 happens to be ferromagnetic led
to the very rst proposal of spin triplet pairing in Sr2RuO4, soon after its dis-
covery[RS95, Bas96]. Additionally, a NMR experiment seemed to indicate domi-
nant ferromagnetic uctuations[IHTC98]. However, the magnetic excitation spec-
trum in Sr2RuO4 appears to be dominated by incommensurate peaks resulting from
strong nesting between the quasi-one-dimensional α and β bands. Inelastic neutron-
scattering experiments revealed the existence of a prominent feature at around
q = (2π/3a, 2π/3a) [SBB+99] as it had been predicted by an independent theo-
retical work [MS99b].
Non-magnetic Ti4+ ion induces static magnetic order [MM01] which is incommen-
surate with the similar Fermi-surface nesting origin, like in the undoped com-
pound[BFS+02]. The magnetic excitations were also found to be anisotropic by a
non-negligible amount, as seen in inelastic neutron scattering measurements [BSS+04],
which is known to favour triplet pairing[SK00, KO00, KOAA01]. High resolution
inelastic neutron scattering measurements showed that the pronounced magnetic re-
sponse at the nesting signal stays unaltered in the superconducting state [BSB+02].
3.2 Superconducting properties
A huge variety of precise experiments have been performed in order to establish
the character of the superconducting state of Sr2RuO4 [MM03, KYRT20]. Some of
which appear to suggest contradictory evidences concerning the symmetry of the
order parameter. I will be focussing on a few of the key experiments.
3.2.1 Impurity eect
There is considerable evidence that the superconducting state in Sr2RuO4 is uncon-
ventional. We use as the dening property of an unconventional superconductor that
the superconducting order parameter has a non-uniform phase in momentum space.
In this case the superconducting state is suppressed with a relatively small amount
of suciently strong scattering from non-magnetic impurities, in comparison to the
conventional superconductors [MHT+98]. The strength of the required scattering
will depend on the strength of the pair binding. Elastic impurity scattering mixes
all the dierent k states and so for a conventional superconductor with an uniform
gap the superconductivity is not greatly aected, as the phase is the same around
the Fermi surface, see Fig. 3.2.1(a). In unconventional superconducting order pa-
rameter like the d-wave in high Tc cuprates, pairs are very strongly bound, and the
purity condition is not too severe, whereas Sr2RuO4 is possibly the most disorder-
sensitive among all known superconductors, having a residual resistivity of less than
17
a b
Case 1 Case 2
Figure 3.2.1: a : Eect of strong elastic scattering. Sketches represent two
types of superconducting order parameters. For both of the cases
the upper row represents the k dependence of the superconduct-
ing gap's amplitude and phase, around the Fermi surface. Arrows
indicate typical elastic scattering events. The lower row shows the
result of strong elastic scattering. Case 1 : Isotropic s wave, the
gap amplitude is basically unaected. Case 2 : dx2−y2 , super-
conductivity is destroyed as strong scattering averages the gap to
zero. Reproduced from [MM03].
b : Impurity eect on superconductivity of Sr2RuO4. The
dependence of Tc on residual resistivity of Sr2RuO4. The solid
line is a t of the Abrikosov-Gorkov pair breaking function to the
data. This curves contains summarized data of 15 samples. Re-
produced from [MHT+98].
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1 µΩcm in the superconducting state[MM03]. Hence, its study has motivated the
growth of exquisitely clean crystals, which can have mean free paths as long as few
microns[MMF00]. In other words, for the superconductivity to be observable the
defects must be hundreds of lattice spacings apart.
Fig. 3.2.1(b) shows the superconducting transition temperature of Sr2RuO4 as a
function of residual resistivity, for a variety of samples with dierent purity lev-
els. Superconductivity is destroyed when the mean free path becomes similar to
the superconducting coherence length and Tc in the clean limit is predicted to be
approximately 1.5 K [MHT+98]. This extreme sensitivity of the superconductivity
to non-magnetic impurities is expected only for unconventional pairing.
3.2.2 Spin triplet conguration
As previously mentioned, soon after the discovery of superconductivity in Sr2RuO4,
the symmetry of the order parameter was proposed to be p wave(l=1) i.e. spin
triplet pairing was predicted on the basis of similarities to 3He and because of the
fact that closely related oxides such as SrRuO3 are ferromagnetic [RS95, Bas96].
Since then, a body of accumulated evidence led researchers to stick with the pro-
posal that the pairing in Sr2RuO4 is spin-triplet with an odd-parity chiral order
parameter, px ± ipy [MM03, MKN+12]. Some p-wave states are thermodynamically
indistinguishable from s-wave, while others show very similar thermodynamic data
to d-wave states. Sr2RuO4 is a multiband system wherein very deep minima are
likely to occur, which means in experiments it gets challenging to distinguish them
from symmetry-imposed nodes. Nevertheless, in order to test the prediction of spin
triplet superconductivity, there are two possible approaches via experiments :
a) One can look for the signature of odd parity of the orbital part of the wave func-
tion - concluding that the spin part must be triplet.
Or b) measurements can directly handle the spin part itself1 .
A straightforward approach to probe the spin conguration would be measuring
the Pauli spin susceptibility (χs) in the superconducting state. In a metal, the
origin of χs is the Zeeman splitting into spin-up and spin-down Fermi surfaces,
in an applied magnetic eld. This splitting is accompanied by lowering of the free
energy by 1
2
χsH
2 as the energy of spin-up(spin-down) electrons is lowered(raised) by
µBH, in the presence of the magnetic eld, where H is the magnetic eld intensity.
In case of a spin-singlet superconductor, Cooper pairs are formed with electrons
carrying opposite spin (k↑, -k↓). When a spin-polarized metal goes into such a
spin-singlet superconducting state, the condensation energy for superconductivity
and the Zeeman splitting energy starts to compete with each other. Due to the
shifting of the Fermi surfaces, states with (k↑, -k↓) can't stay together any more
1Spin-orbit coupling is considered to be important in case of Sr2RuO4, such that the orbital and
spin parts can't strictly be separated like this, however, this is widely used for the ease of
interpretation, but a caution should be kept in mind.
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at the Fermi level. Hence, the singlet superconducting state can't be formed unless
gain in the free energy from superconducting condensation overcomes the Zeeman
splitting energy. In small magnetic eld this is typically possible, and χs reduces
to zero at low temperatures. In presence of high external magnetic eld, this may
not be possible. The singlet Cooper pair condensation energy becomes zero due
to the fact that individual electrons can take advantage of the Zeeman interaction.
Therefore superconductivity is destroyed, this eect is known as `Pauli limiting'.
However, usually the Pauli limit of the upper critical eld is higher than the `Orbital
limit' of Hc2. The latter is caused by the increase in kinetic energy of the Cooper
pairs forming the screening currents around magnetic vortices. Only in strongly
two dimensional systems like Sr2RuO4, for magnetic elds applied in plane, the
Orbital limit is enhanced above the Pauli limit. On the other hand, in case of
spin triplet Cooper pairs, the components with equal spin pairing2(ESP) remains
unaected by the polarization of the Fermi surface and hence χs doesn't change
across the superconducting transition. Therefore for spin triplet superconductivity,
no Pauli limiting exists. The exact behaviour such as dependence on the direction
of applied magnetic eld varies depending on the exact type of p-wave pairing. The
main point to consider here: deep into the superconducting state, observation of
temperature-independent spin susceptibility is consistent only with the existence of
triplet pairing.
The diculty in measuring spin susceptibility of a superconductor arises because of
Meissner screening. As already mentioned in the rst chapter, in case of a type I
superconductor, the magnetic eld can't penetrate in the material because of the
screening currents appearing on the surface. Whereas in case of type II, if the applied
eld is larger than lower critical eld Hc1, eld penetration takes place and vortices
can appear within the sample. But even for strongly type II materials, where strong
eld penetration takes place, the global susceptibility signal is still dominated by
the diamagnetic screen currents. This diculty can be avoided, by local probe
measurements .e. Nuclear magnetic resonance(NMR), in which the Knight shift
can be measured to determine the spin susceptibility. In order to avoid eects from
the Meissner screening, Knight shift measurements are performed at H >> Hc1, so
that the elds from the vortices overlap strongly and the eld inside the sample is
essentially the same as the applied eld. The Knight shift corresponds to the shift in
NMR frequency of the nucleus due to the presence of conduction electrons compared
to when it is in an insulator. Ishida et al. performed Knight shift measurements on
two inequivalent oxygen sites in Sr2RuO4 with magnetic eld applied perpendicular
to the c axis and observed no change in the Knight shift across Tc [IMK+98]. Their
result directly contrasts the idea of spin singlet superconductivity in Sr2RuO4, see
Fig. 3.2.2. However, this measurements were disproved around 20 years later by
Pustogow et al[PLC+19]. The latest NMR Knight shift measurements are discussed
in section 3.2.6 wherein the Knight shift was found to be suppressed below Tc,
consistent with a drop in spin polarization in the superconducting state.
2| ↑↑⟩, | ↓↓⟩ relative to any quantization axis in that plane.
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Figure 3.2.2: Knight Shift against temperature: Temperature dependence
of the Knight shift measured at two dierent oxygen sites as the
sample is cooled through Tc. The dashed lines are calculations of
the temperature dependence expected for an example of a spin-
singlet state, the dx2−y2 state that exists in the cuprates. The
independence of the Knight shift on temperature is strong evi-
dence for triplet pairing. Reproduced from [IMK+98].
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Another way of measuring the spin susceptibility into the superconducting state is
polarized neutron scattering and in case of Sr2RuO4, supporting evidence came from
the measurements by Duy et al [DHM+00]. These results conrmed the unaltered
spin susceptibility in the superconducting state, suggesting a spin-triplet and hence
an odd parity state. Phase sensitive experiments by Nelson et al seemed to agree
with the NMR Knight shift and polarized neutron scattering results [NMML04].
Although later it was argued that this result can also be consistent with dxz ± idyz
order parameter [vM05].
d vector formalism
We have seen already in the previous chapter, the order parameter of a supercon-
ductor is expressed in terms of the gap function ∆(k). Superconductivity is a state
with spontaneously broken symmetry, where the Gauge symmetry is always broken
at Tc. While in spin singlet s states no further symmetries are broken, in spin sin-
glet d states, additional symmetry breaking can take place. However, both in s-
and d-symmetry superconductors, the Cooper pairs consist of antisymmetric spin
singlets, and a single complex function is sucient for ∆(k). But in case of spin
triplet combinations such as p-symmetry superconductors, the spin projection has
three spatial values (See Eq. 2.20) and hence it can not be described by a sin-
gle complex function. Three independent gap functions are needed to describe the
spin dependence of the pairing and they are combined to a single three component
complex spin vector d(k)[BW63]
∆(k) =
(
∆↑↑(k) ∆↑↓(k)
∆↓↑(k) ∆↓↓(k)
)
=
(
−dx(k) + idy(k) dz(k)
dz(k) dx(k) + idy(k)
)
. (3.1)
This representation implies when a quantization axis for the spin is chosen, if the
order parameter has only components dx(k) and dy(k), it is said to have `equal spin
pairing', whereas if it only has dz(k) component, the order parameter is said to have
`opposite spin pairing'. A state is called unitary if |d(k)× d∗(k)| = 0. In that case,
d(k) has a straightforward meaning: the magnitude of the energy gap at (k,-k) is
proportional to |d(k)2|. The projection Sz of the spin of the Cooper pair (k,-k)
is zero along the axis of d(k). In other words, d(k) denes the direction normal
to the plane in which the pair state can be written in terms of equal spin pairing.
The d-vector formalism introduced above is useful as it transforms just like a vector
under spin rotations. The d-vector fully describes the triplet superconducting state
including all symmetries, spin and orbital angular momentum and the nodes in the
gap structure [MM03]. A common use of the d-vector is for the description of the
dierent superuid phases of 3He [Vol90].
The NMR Knight shift measurements from Ishida et al. is consistent with Cooper
pairs in equal-spin pairing states, with spins lying in the ab plane i.e. the d-vector
pointing along the c-axis. However, there are still some unresolved questions. If the
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spins lie in the plane in an ESP state, a decrease in the Knight shift is expected
below Tc for magnetic eld parallel to the c axis. This experiment was performed
in a eld of 0.02 T, where no change of the Knight shift was observed across Tc
within experimental error[MIK+04]. This result suggested a state with the d-vector
lying within the ab-plane, in contrast to the initial NMR result. An explanation was
put forward : the d-vector might be very weakly pinned to the c axis by spin-orbit
interaction in zero applied eld, but with elds as low as 0.02 T it can reorient itself
along the ab plane3. There is however some controversy surrounding this interpre-
tation of the data, as for the above scenario to be true, the spin-orbit interaction
which keeps the paired spins in the ab plane must be weaker than the applied eld
(0.02 T). This eld corresponds to an energy scale of 1.1 µeV, which is much smaller
than that of spin-orbit coupling in Sr2RuO4.
In a crystalline environment the d-vector matches the point group symmetry of the
crystal but for Sr2RuO4 there are still several choices [MM03]. The most discussed
amongst them is:
d = ∆0(kx ± iky)ẑ, (3.2)
where ẑ is along the normal to the ab plane. kx ±iky represents the states with
Lz = ±1. Means the d vector has the orbital part winding by ±2π around the Fermi
surface, where ± corresponds to two chiralities, thus the relative orbital motion of
the electrons of a Cooper pair will be either clockwise or counter clockwise. In real
samples, domain structures(like in ferromagnets) of superconducting regions with
opposite chirality are expected to form. Both directions are degenerate and can
coexist, but within a given domain all the Cooper pairs will have the same rotation
direction. This state is named chiral as picking up a specic direction is followed by
an additional symmetry breaking, namely time reversal symmetry(TRS). Fig. 3.2.3
demonstrates the Cooper pairs consisting of equal spin electrons with a total spin
S = 1, that lies in the ab plane. Note that domains of both chiralities have the same
spin symmetry i.e. kx + iky and kx − iky cannot be distinguished by the spin part
of the order parameter. Domains of opposite chiralities can coexist at the cost of
some interfacial or domain wall energy. However in case of a perfect sample, only a
single domain will be expected[KB16].
3.2.3 Chirality and time reversal symmetry breaking
There is evidence that the superconductivity of Sr2RuO4 is chiral. Chiral super-
conductivity is a remarkable quantum phenomenon wherein an unconventional su-
perconductor spontaneously develops an angular momentum and its free energy is
lowered by eliminating nodes in the energy gap. In a chiral superconductor the phase
of the superconducting gap function winds in a clockwise or counter-clockwise di-
rection as
−→
k moves around some axis on the Fermi surface. Broken time reversal
symmetry (BTRS) is a dening property of chiral superconductivity.
3In 3He it is known that magnetic elds can rotate the d-vector perpendicular to the eld.
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Figure 3.2.3: Cooper pair S and L vectors for kx ± iky : Small arrows
represent spins of the electrons making a Cooper pair and large
arrows represent the orbital angular momentum. The spins lie in
the plane and L vectors are aligned perpendicular to the plane.
Colours correspond to the orbital phase θ which has a dierent
winding direction in each domain, resulting in the ± sign. Time
reversal symmetry is therefore broken due to the orbital part of
the wave function(Lz = ±1). The series of small arrows demon-
strate the equal spin pairing for any quantization axis in the plane.
Reproduced from [Lah18].
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At the same time, time reversal symmetry breaking(TRSB) usually implies some-
thing that behaves like a magnetic eld, in the context of condensed matter physics.
Let us think of a simple example. A current owing in a wire produces a radial mag-
netic eld. The direction of the eld can be deduced by the direction of ngers of
right hand curl with the thumb pointing along the current. If now the time direction
is reversed (t → -t), this will correspond to the current owing in the opposite direc-
tion, and hence the magnetic eld will point in the opposite direction too (reversing
the time gives a dierent answer so time reversal symmetry is broken).
In case of superconductors, TRSB is fascinating as under conventional understanding
magnetism and superconductivity are antagonistic to each other. When a supercon-
ducting state breaks time reversal symmetry, its order parameter Ψ transforms into
a new state Ψ∗ under time reversal operation which is not related by a new choice
of the U(l) gauge
Ψ → Ψ∗ ̸= Ψeiϕ.
Means a TRS-breaking state is at least two-fold degenerate requiring that the order
parameter is multicomponent.
Now one may try to understand the scenario in which a chiral order parameter will
be preferred primarily. Most of the non s-wave order parameters include nodes in
their gap structure, but nodes are energetically not favourable as the condensation
energy depends on the gap squared, |∆(
−→
k )|2 averaged over the Fermi surface. How-
ever, they might occur depending on the detailed underlying microscopy. Such as
two equivalent components can arise which are degenerate such as px and py in a
tetragonal crystal structure or dx2−y2 and dxy in a hexagonal crystal structure. One
can then try to construct linear combinations like px ± ipy which will be isotropic
in contrast to the individual components. For a two-dimensional electron gas with
such a Fermi surface structure, the energy gap corresponding to this order will not
have any nodes, thereby optimizing the condensation energy [MM03]. The main dif-
ference with an isotropic s wave gap will be: in this case the order parameter's phase
changes continuously around the Fermi surface, reecting the odd parity of the p-
wave state. A gradient in the phase corresponds to a current for all superconductors,
and if this gradient is built into the order parameter itself, the system will therefore
be expected to naturally feature a circulating current (in the absence of an external
magnetic eld) in the superconducting state. While UPt3 and Sr2RuO4 have been
the thoroughly studied candidates for chiral superconductivity, there are other ma-
terials that are considered to be possible candidates of chiral superconductivity such
as SrPtAs, URu2Si2 and NaxCoO2.yH2O [KB16].
Two of the probes that are employed most often to search for TRSB in unconven-
tional superconductors have given a positive result in case of Sr2RuO4. A search
for time reversal symmetry breaking in superconductors requires a sensitive local
probe of the magnetic-eld distribution in a solid. At rst sight, the chiral Cooper
pair might be expected to have an overall magnetic moment appearing at Tc. But
in reality, TRSB superconductors still have a Meissner eect and hence screening
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currents should be set up to ensure that there is no magnetic moment in the bulk
of the sample. Within the real material in the vicinity of impurities, defects and
and domain walls(in which the TRSB Cooper pair moments are counter oriented)
Meissner screening of the TRSB moment will not always be perfect, and therefore
a small magnetic signal is expected to be present[SU91].
Muon spin relaxation(µSR) technique, that lies at the heart of this thesis, is ex-
tremely sensitive to small internal magnetic elds (∼0.1 G), beyond the sensitivity
of many other experimental probes. In this method fully spin polarized muons are
implanted into the sample and they interact with the local magnetic environment at
the implantation site. After ∼2.2 µS muons decay into positron, carrying the spin
of the muon at the time of decay and therefore is sensitive to the local magnetic
eld distribution. By collecting large statistics of this positrons it is possible to
deduce the time evolution of the muon spin polarization. In a small but growing
number of known superconductors, muon spin polarization is seen to relax more
quickly below Tc [LKL+93, ATK+03, SFC+12, GMS+17]. This indicates onset of
spontaneous internal magnetic elds, and is interpreted as an empirical signature of
TRSB superconductivity.
Very rst µSR studies of Sr2RuO4 were reported by Luke et al. [LFK+98]. In
addition to the standard relaxation caused by a dense array of randomly oriented
nuclear dipole moments, they observed an additional spontaneous relaxation of the
spin-polarization below Tc. It was concluded that the onset of superconductivity in
Sr2RuO4 is accompanied by the spontaneous appearance of magnetic elds within
the sample, due to the fact that the increased relaxation always occurred at Tc. The
magnitude of the increase indicated appearance of volume averaged spontaneous
magnetic elds ∼0.05 mT, coinciding with the onset of Tc. The temperature depen-
dence of the relaxation rate is shown in Fig. 3.2.4 i). The additional relaxation at
lower temperatures was suppressed by the application of a small longitudinal eld,
indicating that its cause is static on the µs time scale. Additionally, the fact that it
can be best modelled by an exponential indicated the origin to be a broad distribu-
tion of internal elds from a dilute array of sources [UYH+85]. If it had been due to
a unique eld at every muon site or a dense array of sources, a Gaussian relaxation
would have been observed. This experiment is roughly consistent with the elds ex-
pected from a simple chiral p-wave model having internal domain walls separating
two chiralities, with an average linear domain size of ∼10 microns in the ab layers
[MS99a]. In order to verify whether the increased relaxation rate was a consequence
of the superconductivity and not a magnetic state which happened to appear near
Tc, samples with dierent Tc values were measured [LFK+00]. A single temperature
point above Tc ∼ 1.1 K indicated that the enhanced relaxation probably tracks Tc
in poor quality(comparatively) samples.
The conclusion from the µSR results was conrmed later by the magneto-optic Polar
Kerr eect [XMB+06], another consequence of chirality. In this technique, linearly
polarized light normally incident on a sample is reected as elliptically polarized
light, with the polarization axis rotated by an angle, called Kerr angle. This relative
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Figure 3.2.4: i : µSR studies of Sr2RuO4. The muon spin-relaxation rate
shows a change upon cooling through Tc even in zero applied
magnetic eld, for muons polarized both parallel and perpendic-
ular to the Ru-O planes. The result suggests the development of
spontaneous magnetic elds, giving evidence for a TRSB super-
conducting state. Tc's are shown with arrows, open symbols in
the lower panel indicate suppression of the extra relaxation in a
longitudinal eld of 50 G. Reproduced from [LFK+98].
ii : Polar Kerr eect. Rotation angle of the reected light from
the surface of a Sr2RuO4 crystal due to magneto-optic Kerr ef-
fect. The change in the angle below Tc is attributed to the broken
time-reversal symmetry of the chiral superconducting state. The
sign of the rotation can be trained by direction of the external
eld applied before the measurements, and switched o during
warming cycle. Reproduced from [XMB+06].
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angle of the polarization axis between the incident and reected light requires that
the system preferentially absorbs either right or left circularly polarized light, ex-
pected to be the case in a ferromagnet or a chiral superconductor. The magnitude
and direction of rotation of the reected light depend on the magnetization of the
surface. When linearly polarized light was shone on a single crystal of Sr2RuO4,
onset of Kerr rotation was observed at Tc. A TRS breaking eld such as an external
magnetic eld couples to the multicomponent order parameter and expected to lift
the degeneracy between the two chiralities by favouring one over the other [SU91].
By cooling the sample in a magnetic eld, one should thus obtain a single large
superconducting domain with a specic chirality. A series of measurements were
performed where the sample was cooled in an applied magnetic eld of opposite
directions, and the eld was switched o during warming up, see Fig. 3.2.4 ii). The
sign of Kerr angle seemed to be inuenced by the direction of the applied eld.
Analysing the signal amplitude for both zero eld and applied eld measurements
while considering the beam size, the chiral domain size was estimated to be of the
order of 50-100 µm[XMB+06]. Note that TRSB is a necessary but not sucient
condition for the observation of the Kerr eect. And the microscopic link between
chiral superconductivity and Kerr rotation is still under discussion[Wys19].
The other corroborating evidence of the conclusion drawn from µSR results came
from studying the vortex lattice structure. Note that there is no fundamental rela-
tionship between the vortex lattice symmetry and the underlying symmetry of the
order parameter. However, the eld distribution within the vortex lattice will be
dierent with a two-component order parameter from that with a one-component
order parameter. In superconductors with unconventional order parameters such as
Sr2RuO4, qualitative dierences in vortex behavior are expected. In case of conven-
tional(spin singlet) superconductors, a triangular or hexagonal lattice is the most
stable solution (known as the Abrisokov vortex lattice), although square lattices
are also possible. But for an unconventional superconductor exhibiting chirality,
two-component order parameter is required to use in Ginzburg-Landau treatments.
It was shown theoretically that in the presence of physically reasonable values of
Fermi-surface anisotropy, square or rectangular lattices might be favoured over the
entire H-T plane [Agt98b, Agt98a]. Small-angle neutron scattering measurements
showed that in Sr2RuO4 the vortices form square lattice for all elds and tempera-
ture [FMM99, KRF+00]. More recently, another µSR study has observed the vortex
lattice structure to be of triangular symmetry, which crosses over to a lattice of
square symmetry with increasing eld and temperature[RGB+14].
Considerable experimental eorts were made to look for domains in the supercon-
ducting state [KSVHM06, NSY+12, ANY+13], one of the consequences of a two-
component order parameter. The results were found to be consistent(qualitatively)
with the hypothesis of the existence of an odd parity order parameter in Sr2RuO4,
although the estimates of the characteristic sizes of such domains vary widely [KB16].
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Apparent discrepancies
The strong experimental evidences of TRSB in Sr2RuO4 did not turn out to be
conclusive. It was predicted that the broken TRS in Sr2RuO4 should result in
the appearance of edge currents at domain walls and along the sample edge[SR04,
Sau11]. The edge current ows within a width of approximately the coherence length
from the edge, which is ξ = 66 nm for Sr2RuO4. Additionally, the screening current
which ows to cancel out the eld in the bulk of the superconducting sample will
be distributed within the penetration depth λ = 152 nm of the edge. Due to the
dierence between ξ and λ, there should be a non-zero magnetic eld which arises
at domain edges and impurities, which has been estimated to be of the order of 10 G
in case of Sr2RuO4 [KYS03]. These spontaneous currents, resulting in the magnetic
eld thought to be responsible for the enhanced muon spin relaxation rate should
ideally be detectable with other local magnetisation measurements.
Aiming for the direct observation of the magnetic eld due to the chiral edge current,
scanning SQUID measurements were performed repeatedly [KKH+07, HKL+10] but
no such current was detected to a sensitivity of ∼0.1µT. Result of one such experi-
ment is shown in Fig. 3.2.5. The measured magnetic ux(through a SQUID pickup
loop while scanning across the edge of a Sr2RuO4 crystal) is compared to the the-
oretical prediction for a chiral p-wave model appropriate for superconductivity on
the γ band. According to theoretical estimates edge currents should vary(greatly)
depending on the supposed microscopic structure of the state, but spatially vary-
ing magnetic elds near the surface are expected to be detected by high sensitivity
magnetic scanning microscopy measurements. Experiments like Kerr eect require
the domains to be large enough to identify the evidence for chiral p-wave order,
whereas other experiments require the domains to be suciently small such as scan-
ning SQUID. Nevertheless, with various domain congurations considered, the ob-
served magnitude of the magnetic eld was concluded to be less than 1% of that
expected from theory. After the experimental null results, there have been various
theoretical suggestions relating to the magnitude of the spontaneous edge current
[LHT+14, SS15, HLTK15]. Nevertheless the situation still remains inconclusive.
Any explanation for the absence of magnetic ux at the surface level needs to be
reconciled with the spontaneous magnetic elds observed in µSR. Although this
stark contradiction between dierent experimental results demand for more work,
but the lack of observed edge currents does not seem to rule out the existence of
TRSB in Sr2RuO4.
The apparent absence of edge currents continues to remain an unsolved puzzle,
thereby casting doubts on the nature of Sr2RuO4's superconducting order param-
eter. Explanations that have been put forward to account for the lack of edge
currents, mostly relates to the superconducting gap structure. The specic heat
of Sr2RuO4 clearly shows linear behaviour down to below 100 mK[NMM00], which
is inconsistent with a fully gapped superconductor, see Fig. 3.2.6. Note that the
electronic structure of Sr2RuO4 can be considered to be made up from two (nearly)
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Figure 3.2.5: Scanning SQUID measurements. The solid line is the ob-
served magnetic ux across the edge of an ab face of a Sr2RuO4
crystal. The dotted line is prediction for an s-wave superconduct-
ing disc in a uniform residual eld of 3 nT and the dashed line
(whose peak value is 1) is the prediction for a single domain chiral
p-wave superconductor, following the theory of Matsumoto and
Sigrist [MS99a], and modied for a nite sample. Reproduced
from [KKH+07].
independent subsystems due to the fact that two of the Fermi surface sheets (α
and β) are based on bands with strong Ru dxz,yz orbital character, whereas the γ
sheet is based on a band with strong Ru dxy character. Therefore the pairing at the
superconducting state might well be dominated by either of them.
Several other results add to the puzzle. Ultrasound attenuation[LMP+01],
NQR [IMK+00], London penetration depth [BYS+00, HOG01], thermal conductiv-
ity [TSN+01] - together with the heat capacity data pointed towards a quasiparticle
density varying linearly in temperature from Tc/2 to at least 100 mK. These re-
sults suggest that there may be nodes in the gap structure or at least zeros or very
deep minima, and there are claims that they are either horizontal nodes [ITY+01],
or run vertically along the γ sheet in the (100) directions [DMYM04, DQMM04].
However no consensus has been reached about where and in what direction these
nodes might be. Regardless of the location of the nodes, it has been argued that
the presence of line nodes could substantially alter the predictions for edge cur-
rents[Kal12]. However, in practice the experiments probing thermodynamic ef-
fects of gap nodes have not been conclusive on the order parameter symmetry of
Sr2RuO4[KYRT20, MSHM17].
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Figure 3.2.6: Electronic specic heat of Sr2RuO4. The electronic specic
heat divided by temperature. It varies linearly with temperature
over a large range. Reproduced from [NMM00].
3.2.4 Uniaxial pressure studies
For superconductors that are thought to have multicomponent order parameters,
another feature of the superconducting transition might become useful to deter-
mine the order parameter's symmetry. It was proposed that if the symmetry of the
crystal lattice is lowered by some external means such as application of uniaxial
pressure, the induced strain in the lattice might favour one component of the chiral
order parameter over the other, due mainly to the anisotropic change in the density
of states[SU91]. Lifting the degeneracy of the multidimensional order parameter's
components in this way, would yield slightly dierent transition temperatures for
two superconducting phases, which are now dierent in symmetry. This lowering of
symmetry is expected to be manifested in some observable phenomena, which might
be as sharp as the occurrence of superconductivity itself. Although the absence of
such an additional transition in experiments would not rule out the possibility of
having multicomponent order parameter, the presence of such an additional break-
down of symmetry, is allowed only by a multicomponent order parameter[SU91].
In the tetragonal crystal structure of Sr2RuO4 the d vector d = ∆0(kx ± iky)ẑ is
degenerate but by introducing orthorhombic distortion through the application of
in-plane uniaxial pressure this degeneracy can be lifted wherein either ∆0kxẑ or
∆0kyẑ will be favoured. In other words, the components px and py of the chiral
p wave order parameter originally has the same transition temperature Tc, which
is expected to split by the application of in-plane uniaxial pressure. Fig. 3.2.7
shows the phase diagram expected for a strained px ± ipy superconductor, based
solely on symmetry grounds. The transition temperature Tc could be measured
31
a
b
Figure 3.2.7: Phase diagram of a strained px± ipy superconductor. The
schematic diagram at left shows the orthorhombic distortion in a
tetragonal crystal expected to lead to the phase digram shown in
the right panel. The phase digram is based purely on symmetry
considerations. It demonstrates the case of a tetragonal crystal
subject to a small, symmetry-breaking strain applied in-plane.
Reproduced from [HBY+14].
with probes like a.c. susceptibility or resistivity but those are only sensitive to the
upper transition, as the whole material goes superconducting when any component
of the order parameter sets in. The Tc vs. strain curve is expected to vary linearly
as shown by the thick black line in Fig. 3.2.7. A sharp discontinuity in it's slope at
zero strain must appear when the order parameter switches between the upper(solid
black line) and lower(dashed black line) transition.
Hicks et al. measured the behaviour of Tc with respect to applied uniaxial pressure
along in plane[HBY+14]. In order to be able to apply orthorhombic distortion, a
piezoelectric actuator based uniaxial pressure apparatus was designed and Tc was
measured by a.c. susceptibility [HBE+14]. Strong enhancement of Tc was observed,
following a quadratic behaviour for moderate value of the applied strain along ⟨100⟩,
both for compression and tension. Fig. 3.2.8(a) and (b) show the dependence of Tc
on in plane uniaxial pressure along the ⟨100⟩ and the ⟨110⟩ directions respectively.
The response with strain along ⟨110⟩ was much more weaker and linear in strain,
and mostly antisymmetric about zero strain in contrast to the case in panel (a). The
proposed px ± ipy order parameter is expected to result in similar responses along
both of the ⟨100⟩ and ⟨110⟩ directions as the symmetry is lowered in both cases.
While there should be a cusp for stress applied along either direction, but since the
Fermi surfaces respond very dierently to ⟨100⟩ versus ⟨110⟩ stress, the magnitudes
of these cusps could be very dierent. Nevertheless, the observed sensitivity of Tc
to the precise direction of applied strain indicates that the superconductivity of
Sr2RuO4 is highly anisotropic with also the crystal structure at play. The predicted
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Figure 3.2.8: Superconductivity of Sr2RuO4 under uniaxial pressure.
a : Tc versus ⟨100⟩ oriented strain. Negative strain values corre-
spond to compression. The strong symmetric increase in Tc for
the ⟨100⟩ oriented strain is supposedly due to enhanced density
of states at the Fermi level.
b : Tc versus ⟨110⟩ oriented strain. Reproduced from [HBY+14].
cusp was not observed for strains along either direction which would have been a
clear signature of a two-component order parameter.4
The absence of the cusps are in clear contradiction with what was expected the-
oretically for the simplest case of chiral p wave order parameter, however it was
argued that there might exist certain realistic scenarios where the cusp would have
been too small to be detected[HBY+14]. For example strain-induced mixture of
nearly degenerate order parameters can in principle explain the observed behaviour.
Another possibility is that there are indeed two degenerate order parameters, cou-
pling to the lattice in a way that the cusp at zero strain occurs on top of a strong
underlying strain response. Fig. 3.2.9(a) demonstrates such a scenario. Electronic
structure calculation were performed and the resulting Fermi surfaces are shown in
Fig. 3.2.9(b). Remarkable change in the Fermi surfaces are visible in case of strain
along ⟨100⟩ shown in the left panel. The γ sheet seems to be aected the most as
it approaches the VHS under strain whereas α and β sheets are not greatly altered.
On the other hand, strain along ⟨110⟩ seems to have almost no eect on any of the
sheets, shown in the right panel of Fig. 3.2.9(b). The dissimilar responses of dier-
4Apart from px ± ipy, chiral but singlet order parameter dxz ± idyz and non chiral triplet order
parameters like px and px + py would also yield a cusp in Tc at zero strain.
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Figure 3.2.9: Electronic structure under uniaxial pressure. a : Possible
phase diagram of Sr2RuO4 under uniaxial pressure along ⟨100⟩. A
weak cusp is supposedly obscured by a strong underlying response
to strain.
b : Calculated Fermi surfaces under applied strain. The left panel
corresponds to uniaxial pressure applied along ⟨100⟩, and the right
panel along ⟨110⟩. In both panels, blue lines correspond to 0.5%
compression, and the black ones to 0.5% tension. The dashed
lines represent the two-dimensional Brillouin zone boundaries of
the RuO2 planes. Reproduced from [HBY
+14].
ent parts of the Fermi surface to strain indicate that the magnitude of the predicted
cusp might depend strongly on which section of the Fermi surface gets gapped out.
As previously discussed, there are diering opinions such as angular dependent spe-
cic heat measurements indicate the superconducting gap to be largest on the γ
sheet [DQMM04, DMYM04] while another theory work suggests the role of α and
β sheets[RKK10]. However, the magnitude of the predicted cusp was calculated by
Hicks et al. considering several dierent scenarios based on their experimental ob-
servation. The strong change in Tc due to strain along ⟨100⟩ was attributed mainly
to the large increase in the density of states within the γ sheet as it approaches the
van Hove point.
The uniaxial pressure experiment seemed to have opened a new window to peep into
the well debated superconducting state of Sr2RuO4, the characteristic energy scale
corresponding to the strain achieved was very large. The Zeeman splitting with an
equivalent energy scale that of ∼0.5% change in strain would be caused otherwise
by a magnetic eld of hundreds of teslas [HBY+14]. However the absence of the
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predicted cusp added to the ongoing mystery regarding the presence of proposed
chiral p wave order in Sr2RuO4.
3.2.5 µSR under uniaxial pressure
As demonstrated in Fig. 3.2.7, with applied uniaxial pressure in a multicomponent
superconductor, an additional phase transition is expected to occur. The resistivity
vanishes at the rst transition and hence wouldn't show any feature at the second.
These consecutive phase transitions could be tracked for example by specic heat
measurements since each transition is accompanied by a discontinuity in the specic
heat [FKW+89]. The splitting of the transitions was proposed to be proportional to
the applied strain, but the magnitude of the discontinuities of the specic heat at
transitions will be almost independent of the strain [SU91]. If the second transition
involves the violation of time reversal symmetry, a non thermodynamic probe such
as zero eld µSR is an ideal choice, as it happens to be especially sensitive to
TRSB whereas specic heat measurements are not particularly sensitive to that.
Additionally, the absence of knowledge regarding the order parameter symmetry
makes it rather challenging to talk about the amplitude of the jump in specic heat
at the time reversal symmetry breaking transition.
Henceforth, we chose µSR to test for the proposed transition splitting in Sr2RuO4
samples placed under uniaxial pressure. Enhanced muon spin relaxation is the pri-
mary tool by which TRSB superconductivity has been identied in a number of
materials [HQC09, SFC+12, BLN+13, ZDH+], therefore resolving its precise mi-
croscopic origin is an issue of growing concern in general. The internal eld that
is manifested as an enhancement of the muon spin relaxation rate is thought to
arise at edges, defects, and domain walls : spontaneous supercurrents are pre-
dicted to appear due to spatial variations of the superconducting order parame-
ter[SU91, GB14, LMC16]. A calculation of chiral edge elds in Sr2RuO4 yields an
estimated magnitude broadly consistent with the eld magnitude observed by µSR
[MS99a]. However, as discussed earlier, this hypothesis is called into question mainly
by the absence of edge currents in scanning SQUID microscopy measurements, both
in Sr2RuO4 and in another superconductor where µSR measurements indicate an
internal eld, PrOs4Sb12[KKH+07, HKL+10].
3.2.6 Recent experiments suggesting spin singlet pairing
The work to be presented in this thesis involves detailed experimental eorts that
took place in a time frame of several years, during which very important research
works were performed elsewhere, that strongly indicated spin singlet superconduc-
tivity in Sr2RuO4 in contrast to the triplet pairing which was mostly in the discussion
for decades. I will now try to briey cover the latest scenario which turns out to be
substantially dierent from the starting point of my research.
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Figure 3.2.10: a : Comparison of the strain dependence of Tc, and the resis-
tivity enhancement under continuous strain tuning along ⟨100⟩.
Reproduced from [BGM+18].
b : Photograph of the uniaxial pressure apparatus. Pressure is
applied to the sample by applying voltage to the piezoelectric
actuators. Reproduced from [SZB+17].
In the rst uniaxial pressure study of Sr2RuO4 by Hicks et al. [HBY+14], it was
argued that the superconductivity in unstrained Sr2RuO4 is strongly related to the γ
sheet's proximity to the van Hove singularity. Steppke et al. managed to reach much
higher strain, and it was revealed that Tc passes through a sharp maxima at 3.5 K
under compression along ⟨100⟩ [SZB+17]. Calculations suggested that the observed
maximum Tc occurs at around a Lifshitz transition when the γ sheet crosses a Van
Hove singularity. And the highly strained Sr2RuO4 appears to have an even-parity,
instead of an odd-parity order parameter.
Later on, the normal state was also investigated, where a sharp peak in the resistivity
is seen to occur at slightly lower strain, compared to the strain value for the peak
in Tc [BLS+19], see Fig. 3.2.10(a). This peak in resistivity, rather than the peak
in Tc, is believed to correspond to the Lifshitz transition under scrutiny [BLS+19].
Fig. 3.2.10(b) shows a photograph of the piezoelectric actuators based strain device,
used to apply uniaxial pressure.
When a Fermi surface approaches a van Hove singularity the density of states in-
creases. According to the BCS theory, the size of the energy gap, |∆| is related to
the density of states and Tc:
∆0 = 1.7684KBTc = 2ℏωDe−
1
N0V ,
where ∆0 is the superconducting gap at T = 0 K, ωD is the Debye frequency, N0
is the density of states at the Fermi surface, and V is the attractive potential. As
the density of states grows with applied strain, the enhancement of Tc would be
expected. However, BCS theory estimations are thought to be accurate for a single
band metal with a small gap, so for a multiband system like Sr2RuO4 it should only
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be taken as a guide.
In case of the well discussed p-wave pairing symmetry the gap has to change phase
by π under inversion. But the Van Hove point is inversion invariant and so the gap
must be zero(locally) at the Van Hove point. On the contrary, for an even-parity
pairing symmetry the density of states will be increased by the Van Hove point.
The orbitally limited upper critical eld, at which the superconductor is lled with
vortices and the superconductivity is destroyed, is given by µ0Hc2 =
ϕ0
2πξ2
, where ϕ0
and ξ are the ux quantum and coherence length, respectively. On the other hand,
the energy gap and the upper critical eld are connected via the coherence length
in BCS theory, ξ = ℏvF
π∆
. Therefore, in a mean-eld superconductor at T→ 0,
µ0Hc2 ∝ [|∆|N(EF )]2,
using Fermi surface density of states N(EF ) = kF/πℏvF [AM11]. As Tc is propor-
tional to a k space average of the energy gap ∆, if the gap is scaled by a constant
factor while N(EF ) is not altered, Hc2/T 2c will stay constant. Since for the even-
parity pairing symmetry, the gap is large in the region near the vHS, Hc2 is expected
to grow more than linearly in T 2c for even parity pairing symmetry and less for odd
parity pairing symmetry.
In reality, factor of 2.3 increase in Tc is seen to be accompanied by more than a
factor of 20 enhancement of Hc2||c and the ratio Hc2/T 2c by a factor of 4. Hc2||a
is enhanced by a factor of ∼ 3 only, so the critical eld anisotropy under strain
is signicantly less than the unstrained case. Similar to the unstrained samples at
low temperatures, the rst order nature of the transition is visible also in optimally
strained samples, suggesting presence of Pauli limiting eects. Weak coupling cal-
culations were performed to determine the expected Tc and Hc2||c behaviour under
strain, in case of dierent gap symmetries and it was shown that a strong enhance-
ment of Hc2/T 2c is expected when an even parity order parameter is strained near
vHS. But not for an odd parity order parameter, in which case the gap is zero by
symmetry at the points where density of states increases the most. The possibility
of a strain induced transition from odd-parity to even-parity was considered that
would appear as a kink in Tc vs. strain at the transition. This might be too weak
to be detected, but it should be accompanied by a jump in Hc2||c, which is yet to be
observed. Another possibility would be that unstrained Sr2RuO4 itself is even par-
ity, but then one needs to nd alternative explanations for a body of experimental
evidences. Here came in a surprise.
Previously, the strongest evidence in favour of spin-triplet pairing in Sr2RuO4 came
from NMR Knight shift, that remained unchanged upon entering the superconduct-
ing state, see Fig. 3.2.2. Pustogow et al. revised the experiment and performed
NMR experiments under uniaxial pressure. In both cases the Knight shift was
found to be suppressed below Tc, consistent with a drop in spin polarization in the
superconducting state [PLC+19], see Fig. 3.2.11.
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Figure 3.2.11: NMR Knight shift vs. temperature at the Van Hove singularity
with in-plane eld = 2 T. Upper inset : The dependence of
the Knight shift from the pulse energy at zero strain. Lower
inset : Suppression of Tc at a strain ≈ −0.6% in a magnetic eld
of 2 T. Reproduced from [PLC+19].
The constant Knight shift across Tc in the earlier experiments resulted from the
use of excess pulse energy that heated the sample, so in reality the measurements
were performed in the normal state, instead of the superconducting state as it was
believed. The importance of having the proper pulse energy is demonstrated for
zero strain in the upper inset of the Fig. 3.2.11. This newly discovered reduction of
the Knight shift below Tc was conrmed by Ishida et al. [IMKM20] and supporting
evidence came from a recent polarized neutron scattering experiments [PZE+20].
The reduction of the Knight shift below Tc in presence of in-plane magnetic eld
excludes any odd-parity state having an out-of-plane d, such as the previously con-
sidered d = (kx ± iky)ẑ, demonstrated in Fig. 3.2.3. Nevertheless, a spin-triplet
superconducting state with d-vector along in-plane direction is still allowed by these
results. For the order parameter choices allowed by symmetry, the expected drop in
Knight shift was estimated [PLC+19]. Some of them would be expected to feature
a drop in the spin susceptibility, and so precise determination of magnitude of the
observed reduction turns out to be important, along with measurement of Knight
shift in out of plane direction- for a clear distinction of possible order parameters
of Sr2RuO4. However, the existing data are strongly suggestive of a spin singlet
pairing.
Symmetry-based experiments are another way to decide among the possible choices
of superconducting order parameters. Resonant ultrasound spectroscopy measure-
ments were performed at low temperatures and also under uniaxial pressure. A
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Figure 3.2.12: Schematic mean-eld stress-temperature phase diagram for chi-
ral superconductivity in defect-free Sr2RuO4. Low stress values
are considered only, where the dependences are linear. ∆x stands
for either px or dxz.
thermodynamic discontinuity was observed in the shear elastic moduli C66, which
can result only from a two-component superconducting order parameter[GSJ+20],
thereby supporting the hypothesis of chirality. While this result is consistent with a
few two-component p-wave scenarios including the well discussed px± ipy, the NMR
Knight shift data seem to be consistent with spin singlet pairing only. Another re-
cent work where eld-dependent 17OKnight shift measurements have been compared
with previously reported specic heat measurements, argues that Sr2RuO4 in fact
cannot be an odd-parity superconductor, as the spin susceptibility quantitatively
tracks the electronic heat capacity[CPK+21].
If Sr2RuO4 is having both, an even-parity and chiral order parameter consisting of
degenerate components in the tetragonal lattice, then dxz ± idyz happens to be the
only possibility. However, this order parameter would have a symmetry protected
horizontal line node at kz = 0 implying pairing of carriers between layers, whereas
Sr2RuO4 has very weak interlayer interactions, the inter- to intra-plane transport
anisotropy is ∼1000 [MM03]. If the presence of chirality is conrmed in Sr2RuO4,
that might demand consideration of new type(s) of pairing symmetry.
Therefore, the question whether or not the superconductivity of Sr2RuO4 is chiral,
continues to be crucial. At present, the evidence on chirality, and on TRSB super-
conductivity in Sr2RuO4 is somewhat mixed. A recent junction experiment nds
time-reversal invariant superconductivity [KSK+19]. Quasiparticle interference data
suggest a dx2−y2 gap structure[SEW+20].
In mean-eld theory for a chiral order (such as px ± ipy, dxz ± idyz), the degeneracy
between the two components is lifted by in-plane uniaxial pressure [SU91], resulting
in a split superconducting transition; therefore the schematic phase diagram shown
in Fig. 3.2.12 continues to remain relevant. Evidence for this splitting has not yet
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been resolved in heat capacity measurements under uniaxial pressure, where a second
heat capacity anomaly is expected when TTRSB < Tc [LKS+21]. The predicted
upward cusp in the stress dependence of Tc was also not observed so far [HBY+14,
WGM+18]. The heat capacity experiment reported in[LKS+21] places an upper
limit on the magnitude of a potential second heat capacity anomaly, but does not
rule it out. A small heat capacity anomaly correlates with a weak cusp in Tc, which
might similarly have been below the sensitivities of the reported measurements.
Coming back to the motivation of our research: the challenge of reconciling a hy-
pothesis of chirality with other seemingly contradictory experimental observations
in Sr2RuO4, and the need of plausible microscopic mechanism, have raised the con-
cern whether faster muon spin relaxation could be some form of artefact, that can
be induced by conventional superconductivity in certain materials. A clear split
between TTRSB, the onset temperature of enhanced muon spin relaxation, and Tc
would rule out such a possibility. Therefore we chose to study the evidence of time
reversal symmetry breaking in Sr2RuO4 under applied uniaxial pressure, by using
the µSR technique.
In the next chapter, I will discuss the physics of the µSR method.
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4 Muon spin relaxation
Method(µSR)
In this chapter, a brief introduction to the µSR technique will be given.
µSR is a local probe technique, which uses the muon's spin in order to examine struc-
tural and dynamical processes, that are taking place in bulk materials on an atomic
scale [Son02]. The acronym `µSR' stands for Muon Spin Rotation/Relaxation/Res-
onance/Research - in order to draw attention to the analogy between µSR and the
other commonly known techniques such as NMR (nuclear magnetic resonance) and
ESR (electron spin resonance). However, these methods are substantially dierent.
While NMR and ESR rely upon a thermal equilibrium spin polarization- usually
requiring low temperatures and high magnetic elds, µSR can be done without any
external magnetic eld (so called zero eld µSR) which allows to investigate the
magnetic properties of a system without any perturbation. It is sensitive to very
low energy excitations ∼ µeV range, often making it a complementary tool to neu-
tron and x-ray diraction techniques. However, key dierence is that it is a local
probe in real space, not momentum space. Spin polarized muons are implanted into
a sample where they continue to live and interact with the local magnetic environ-
ment until they decay into positrons. It is the positrons that are released from the
sample carrying the information about the muons from which they came.
4.0.1 Properties
The muon belongs to the group of Leptons. It is ∼9 times lighter than a proton
and about 200 times heavier than an electron, having a mean lifetime of ∼ 2.2 µs.
The muon is a charged spin 1/2 particle which can couple to its local environment
via its spin. Muons can be either positively or negatively charged, but in most of
the condensed matter physics experiments, positively charged muons (µ+) are used,
which can be considered as a light proton. However, muon's magnetic moment
is ∼3.18 times larger than a proton and hence it serves as an extremely sensitive
microscopic probe of magnetism when implanted in matter. The negative muons(µ−)
bind too tightly to the nucleus, hence do not serve as a good probe of the electronic
properties giving rise to the phenomena of interest to condensed matter physicists
such as superconductivity, magnetism etc.
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Production of spin polarized muon beams
Muons are created in the atmosphere by the interaction of cosmic rays with gas
molecules, but to perform experiments much higher intensities are needed. In ac-
celerators, muons are produced in dierent high-energy processes and elementary
particle decays, but µSR experiments require muons that will stop in the samples
being studied. Currently, there are four such muon sources around the world- Paul
Scherrer Institute (PSI, Switzerland), the Tri-University Meson Facility (TRIUMF,
Canada), J-PARC(Tsukuba, Japan) and the Rutherford Appleton Laboratory (ISIS,
UK). To get the muon BEAMS of required intensities in accelerators, high energy
proton beams (> 500 MeV) are red onto a beryllium or graphite target to produce
pions via the following process
p+ p→ π+ + p+ n,
where p denotes the proton and n is a neutron. The pions then decay with a lifetime
of τπ =26 ns into muons, via two body decay
π+ → µ+ + νµ,
where νµ is a muonic neutrino. If we consider the pions which are at rest in the
laboratory frame, in order to conserve the momentum, the muon and the neutrino
will need to have equal and opposite momentum. Pions are spin zero particles so
the muon spin will need to be opposite to the spin of the neutrino. The muonic
neutrino has negative helicity, which means that the spin is antiparallel to its mo-
mentum which dictates that the similar orientation will take place for the muon as
well. Therefore by selecting pions that stop at the target and thus stays at rest
during decay, one can obtain 100% spin polarized muon beams. This method is
most commonly used for producing muon beams for condensed matter physics re-
search[Bre03]. The muons produced by the above mentioned way are called `surface
muons' [PBK76], and have a well dened kinetic energy of ∼4.1 MeV and a corre-
sponding momentum of ∼29.8 MeV/c. After production, the muon beam is directed
(by a setup of dipole magnets) to the sample wherein they get implanted.
4.0.2 Parity violating muon decay
The stopping process of the muon inside the sample takes place on a nanosecond time
scale and usually involves electrostatic interactions, therefore initial polarization of
the muon spin is preserved. The muon stopping sites usually depend on local minima
of the electrostatic potential in the lattice. Due to Coulomb repulsion between the
positive muon and the positive atomic cores, the muon comes to rest at interstitial
sites in the crystal structure in general.
During its lifetime within the sample, the initial polarization of the muon spin is
likely to be lost due to the presence of static or dynamic internal magnetic elds.
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It is this relaxation of the initial polarization versus the time spent by the muon in
the sample, that one wants to measure mainly in a µSR experiment.
In the presence of a magnetic eld, the spin of the implanted muon precesses around
the direction of the local magnetic eld B with the Larmor frequency:
ωµ = γµB,
where γµ = 2π×135.5 MHz/T is the gyromagnetic ratio of the muon. An implanted
µ+ in the sample decays after ∼2.2 µs :
µ+ → e+ + νe + ν̄µ.
Muon decay involves weak interaction in which parity is not conserved. This parity
violation causes the positron to be emitted preferentially along the direction of the
muon spin at the time of decay, see Fig. 4.0.1(a). Since this is a three body decay,
the kinetic energy of the emerging positron can vary continuously starting from zero
up to a certain maximum value. From a single decay positron one can't be sure
about the direction of the muon spin within the sample. Instead the anisotropic
distribution of the decay positrons is measured, resulting from a bunch of muons
deposited under the same conditions. And that helps in determining the statistical
average direction of the spin polarization of that muon ensemble. The time evolution
of the muon spin polarization is very sensitive to muon's magnetic environment, i.e.
the strength, direction, distribution and/or dynamics of the internal magnetic elds
that are present at its localization site inside the material. µSR oers sensitivity to
spatially uncorrelated elds, with minimum detectable eld below 0.01 mT, against
∼1 mT for neutron scattering.
Positrons are emitted with an angular distribution given by the probability function:
P (ϕ) ∝ 1 + Acos(ϕ),
where ϕ is the angle between the muon spin and the direction of positron emission.
The parameter A is known as asymmetry which increases monotonically from zero
as a function of energy of the emitted positron. The maximum value of A = 1
corresponds to the highest energy positrons. Fig. 4.0.1(b) shows the dependence of
the probability function on A. If all positron energies are taken into account, the
average value becomes A = 1/3.
4.0.3 Principles of a µSR experiment
The muon ensemble is not implanted into the sample at once, either by bunches (at
`pulsed' beams) or one-by-one (as `continuous-wave' beams). The µSR experiments
for the work presented in this thesis took place in the Paul Scherrer Institute (PSI)
located in Switzerland. Measurements were performed with 4.2 MeV muons, which
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b
Figure 4.0.1: a : Parity violation in muon decay. Positrons are emitted
along the direction of muon spin, which is the case for the left
image. Its mirror image is shown on the right where positrons
are emitted in opposite direction to the muon spin. Parity is vio-
lated here which means that this phenomenon is not observed in
nature, only the left image is existent. Reproduced from [Blu99].
b : Angular distribution of positrons from the muon de-
cay. The blue line corresponds to the positrons having maximal
energy. If all positron energies are detected with equal probabil-
ity, the asymmetry parameter has the value A=1/3(orange line).
Reproduced from [Son02].
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penetrate to a depth of ∼0.1 mm, using the Dolly instrument on the πE1 beamline.
PSI is a continuous wave(CW) muon facility, where muons arrive at the experimental
setup without any distinct time structure.
Fig. 4.0.2(a) shows the schematic of a typical (time dierential) µSR experiment.
Muon spins are polarized here along the y axis and an external magnetic eld is
applied along the z axis. When a muon enters and gets detected by a muon detector,
a precise electronic clock is started dening the time t=0 of the experiment. The
clock is stopped when a positron is detected by the forward/backward detector at
a time t, the time between the muon implantation and its decay. The detectors
in a µSR spectrometer are placed in certain directions with respect to the sample
position:
 Two detectors are placed in an angle of 180° opposite to each other and
equidistant to the sample position. Usually, the detector pair set parallel
and antiparallel to sµ is denoted as backward/forward detector as shown in
the Fig. 4.0.2(a).
 The detector pair rotated by 90° with respect to sµ is the left/right or up/down
detector.
Typically ∼106-108 muons are implanted into the sample and the decay positrons
are detected in several positron detectors covering a nite solid angle. A positron
count vs. time histogram is built which documents the time evolution of the initial
muon spin polarization P(0).
In case another muon arrives before the rst one has decayed, there comes an am-
biguity in relating the decay positron to its parent muon- this situation is called
`pileup'. In order to avoid this possibility, successive muon decay events must be
rejected over a time interval of many muon lifetimes. For CW beam the time res-
olution is therefore limited by that of the start and stop times and can be as low
as 100 ps, allowing the detection of fast relaxing signals. The other type- `Pulsed
beam' that is available in some of the µSR facilities, has its own advantages and
limitations, however this aspect of µSR is not relevant to the focus of this thesis1.
1See [Blu99].
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Figure 4.0.2: Principle of a µSR experiment. a : Overview of the experi-
mental setup : Spin polarized muons with spin sµ antiparallel to
the momentum pµ are implanted in the sample, which is placed
between the forward (F) and the backward (B) positron detec-
tors. The clock is started at the time the muon enters the muon
detector(M) and stopped as soon as the decay positron is detected
in detector F or B.
b : The number of positrons detected by the forward(NF) and
backward(NB) detector as a function of time.
c : The asymmetry signal calculated according to Eq. 4.5. Re-
produced from [Gug13].
Dierent experimental geometries
When external magnetic elds are applied in a µSR experiment, depending on the
type of information we want to extract, two types of congurations can be used:
 Transverse eld(TF) µSR : In the TF geometry, an external magnetic eld
B is applied perpendicular to the initial muon-spin polarization P(t = 0), as
shown in Fig. 4.0.2(a). The decay positrons are detected perpendicularly to
B. P(t) precesses in a plane perpendicular to B with the Larmor-precession
frequency and relaxes due to the local internal eld distribution in the direction
of the applied eld.
 Longitudinal eld(LF) µSR: In this geometry the magnetic eld is applied
parallel to the initial direction of the muon spin polarization. The time evolu-
tion of the muon spin polarization along its initial direction is thus measured
in this set up. An external magnetic eld is not needed to be applied, for
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the muons to precess, if the sample has its own internal eld. This limiting
case(B=0) of LF-µSR is known as zero eld(ZF)-µSR. Since muon has a very
large gyromagnetic ratio, a compensation of the earth and surrounding eld
is needed to perform ZF experiments in ideal conditions. The compensation
is usually better than 2 µT.
4.0.4 Measuring the asymmetry spectrum
Fig. 4.0.2(b) shows an example of the histograms obtained by the forward and the
backward detectors. In an ideal case, it has the following form:
Ni(t) = N0,ie
−t/τµ [1 + Ai(t)] +Ndark,i , (4.1)
where Ni(t) is the number of counts in detector i at time t, which is proportional
to the average muon polarisation at time t. N0,i is a tting parameter setting the
scale of the overall number of triggered counts. The exponential factor accounts for
the nite muon lifetime. The term Ai(t) = A0iPi(t) is the single-counter asymmetry
function for the ith raw histogram. The last term in Eq. 4.1 takes into account the
inevitable time-independent background due to uncorrelated starts and stops.
The initial asymmetry A0i depends on dierent experimental factors, such as the
detector solid angle, and eciency, absorption, and scattering of positrons in the
material. Typical values of A0i lie between 0.2 and 0.3. Eq. 4.1 is given for the
ideal case, which means when the two detectors (F and B) are identical, so that
the quantities N0, Ndark, and A0 are usually considered to be the same for both
(forward and backward) detectors. In this ideal situation the histograms recorded
by the two detectors will dier only by the phase. If the detectors are aligned
precisely opposite to each other, the dierence between the phases of the histograms
is 180°. Since the positrons are emitted predominantly in the direction of the muon
spin, while precessing with ωµ in presence of a magnetic eld(Eq. 4.0.2), the forward
and backward detectors will detect a signal oscillating with the same frequency, see
Fig. 4.0.2(b).
In practice, there exists geometrical misalignment and dierence in the eciency of
the detectors. The number of recorded events in each counter also depends on the
solid angle subtended by each detector as seen from the sample and if the coverage of
the solid angle is not maximized because of counter misalignments, that will result
in a decrease in the number of decay positrons detected. An asymmetric sample
environment can also cause unbalanced detector counts. The histograms of one
detector-pair can be described by Eq. 4.1 and :
N−i(t) = αN0,ie
−t/τµ [1− βAi(t)] +Ndark,−i , (4.2)
where α = N0,−i/N0,i , β = |A0−i|/|A0i | are the parameters accounting for the relative
detector eciency and relative detector asymmetry, respectively.
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In order to reduce the number of tting parameters and to avoid the exponential
decay factor, positron detectors are combined into pairs to obtain the so called `raw
asymmetry' :
Arawi (t) =
[Ni(t)−Ndark,i]− [N−i(t)−Ndark,−i]
[Ni(t)−Ndark,i] + [N−i(t)−Ndark,−i]
, (4.3)
Ndark,±i are determined by accumulating the positrons at `t < 0', i.e. before the
muons enter the sample and are explicitly subtracted from each histogram. And
nally with the muon lifetime removed, the raw asymmetry presents the experimen-
tal data quickly without tting beforehand. However, it depends on α and β which
can only be accurately determined by tting. The raw asymmetry can be used to
calculate the `corrected' asymmetry Ai(t) = A0iPi(t) by using Eq. 4.1, 4.2 and 4.3 :
Arawi (t) =
Ai(t)(α + 1) + (α− 1)
(α + 1)− Ai(t)(αβ − 1)
(4.4)
Since β ≈ 1(if the solid angles of the two detectors are approximately the same), it
is usually set to 1. The corrected asymmetry then turns out to be :
Ai(t) =
Arawi (t)(α + 1) + (α− 1)
(α + 1) + Arawi (t)(α− 1)
=
αNi(t)−N−i(t)
αNi(t) +N−i(t)
(4.5)
The relative eciency parameter, α, is usually sample position and environment
dependent, and must be measured independently for each series of experiment by
applying a weak transverse eld[YR11]. For superconductors, it is performed above
Tc where the polarization function is expected to be a damped cosine. Even if the
damping function is not accurately known, α can be estimated precisely, with a
couple of millions of positron counts taking a few minutes. The correct value of α
causes the calculated asymmetry spectra to oscillate symmetrically about the time
axis, as it is shown in Fig. 4.0.2(c). And that particular value is then used for all
the subsequent measurements in a series.
Single histogram analysis
In our µSR experiments with Sr2RuO4, α was deduced from measurements in weak
transverse magnetic elds, see Fig. 4.0.3(a). However, it was found to be temperature
dependent, even for a single set of data, as shown in Fig. 4.0.3(b). The coloured
points highlight the change in the α value for nearly the same temperature. An
incorrect α value shifts the resulting asymmetry spectrum [YR11], which in the
end aects the relaxation rate of the muon spin polarization, the parameter we are
interested in. Here we took,
At,i(t) = Asam,ie
−λt + Abkg,i, (4.6)
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Figure 4.0.3: a : Determination of α. A weak transverse eld of 30 G was ap-
plied to nd the proper value of α which was found to be around
0.56. Fig. 4.0.2(c) shows the theoretical curve.
b : Temperature dependence of the α value. Colours and
notations denote the shift in the value for (nearly) same temper-
atures.
c : Variation in the relaxation rate values. An example of
muon spin relaxation rate's variation with temperature in case
Sr2RuO4, to demonstrate the amount of enhancement we are typ-
ically looking at. This is from another sample that was measured
in the same setup under zero stress, like for the sample whose
data is shown in a and b. The red and blue coloured points along
with notations show how λ changes by non negligible amount
depending on the respective α values, for the same temperature
points.
49
where Asam is the sample signal strength, Abkg is a background constant resulting
from muons that implant into non-superconducting material such as cryostat walls,
and λ is the relaxation rate determined from ts to both detector signals simulta-
neously, using the MUSRFIT program[SW12].
Fig. 4.0.3(c) shows λ values at the same temperature points, resulting from varying
α. For Sr2RuO4, the amount of enhancement of the relaxation rate upon entering
the superconducting state is found to be sample dependent(see Fig. 6.0.5, Fig. 6.0.7
). However, the magnitude of the enhancement is found to be relatively small, ∼0.05
µs−1. An example curve is shown in Fig. 4.0.3(c). The relaxation rate changes by a
small but nite amount with temperature- and we want to track this change carefully
under applied uniaxial pressure. Which in turn makes the observed change in α
crucial, considering the level of accuracy we needed to achieve for our measurements.
Therefore, we chose `Single histogram analysis' method, instead of the so called
`Asymmetry t', to avoid the direct dependence on the relative detector eciency
parameter α.
In the asymmetry t, dark rates are measured in-situ, using a short time interval
immediately before measurements and then subtracted(see Eq. 4.3). But when the
relaxation is slow(as in Sr2RuO4) the tted relaxation rates become sensitive to
errors in the dark rates. In case of single histogram analysis, the Ndark,i are instead
treated as tting parameters. As a result, in single histogram analysis the whole
set of the data is used to minimize the error in the calculation of Ndark,i. It reduces
sensitivity to instrumentation drifts such as a shift in α while increasing sensitivity
to background. Doing so, the precision in determination of relative changes of
the relaxation rate is improved but uncertainty in the absolute values increases(see
Fig. 6.0.5(d-f)). However, in this work we are mainly interested in the relative
changes of the relaxation rate values with respect to temperature.
We use the combined asymmetry2
A(t) =
1
2
[A1(t)− A2(t)] (4.7)
The tted form of Ai(t) is obtained via Eq. 4.6. Asam,i and Abkg,i are determined
separately from transverse-eld measurements, because when relaxation is slow it
has low resolving power between these parameters and Ndark,i. Additional details
will be discussed again in the results section in chapter 5.
2This is nothing but the average asymmtery signal, due to the phase dierence between the
opposite detectors in a pair.
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4.0.5 Polarization functions
ZF µSR
The µSR technique is widely used for studying magnetic materials due to the very
high sensitivity of the muon to small magnetic elds and its capability to probe both
static and dynamic local eld distributions. ZF-µSR experiments are especially im-
portant in investigating magnetism, where the magnetic ground state properties can
be determined without directly aecting the spin ensemble by the application of an
external magnetic eld, unlike NMR, ESR or magnetic susceptibility measurements.
Let's consider a system in which each muon experiences a constant local magnetic
eld, with the eld vectors randomly oriented. The vectors are static with respect
to the muon lifetime. When the local magnetic eld at a muon site is at an angle
θ with the initial muon spin polarization sµ, the decay positron asymmetry will be
given by:
A(t) = A0P (t) = A0[cos
2θ + sin2θ.cos(γµBt)], (4.8)
where A0 is the maximal value of the asymmetry. By spatially averaging Eq. 4.8 over
all solid angles dΩ = sinθdθdϕ, we obtain average value of the ensemble polarization:
P (t) =
1
3
+
2
3
cos(γµBt), (4.9)
where the 1/3 and 2/3 components can be qualitatively understood by the fact that
the local eld is random in all directions, about 1/3 is parallel or antiparallel to
the initial muon spin polarization whereas about 2/3 is perpendicular to the initial
muon spin polarization. Note that, in case the frequency gets too high compared
to the time resolution of the instrument, the 2/3-term will be lost and only the
non-oscillating 1/3-term will remain.
So far we considered that all muons see the very same value of the eld, in dierent
directions. Whereas in a system of densely arranged and randomly oriented nuclear
moments, the resulting dipolar eld can be modelled with a Gaussian distribution.
If the strength of that distribution is having a width of ∆/γµ centred around zero,
that will relate to the second moment of the distribution in this way :
∆2
γ2µ
= ⟨B2i ⟩, (4.10)
where Bi= components of the Gaussian eld distribution along each Cartesian di-
rections. A statistical average of this distribution yields:
A(t) = A0
[
1
3
+
2
3
e−∆
2t2/2(1−∆2t2)
]
, (4.11)
which is the well known Gaussian `Kubo-Toyabe' function, rst obtained in a general
stochastic treatment of Kubo and Toyabe [KT67]. At early time, for t∆< 1, A(t) ∝
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a
Figure 4.0.4: a : Muon spin precession around the applied magnetic eld B.
The muon spin sµ is initially aligned along the z direction, and θ
is the angle between B and sµ. The projection of the spin vector
on the z axis is formed both by a time-independent and a time-
dependent component proportional to the magnitude of the eld.
Reproduced from [Ama18].
b : Time evolution of the muon spin polarization in a system
with randomly oriented (dense) magnetic moments, given by the
Gaussian Kubo-Toyabe function. Reproduced from [Blu99].
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e−∆
2t2 is a good approximation of Eq. 4.11. Fig. 4.0.4(b) shows an example of the
relaxation function which falls from unity to a minimum, recovering to an average
value afterwards, which is 1/3 in this case. The form of the distribution of internal
elds aects the form of the observed muon-spin time evolution. Hence, by analysing
the observed time evolution of the muon spin, magnetic eld distribution inside the
sample can be obtained. For example, in a material with incommensurate spin-
density wave, the internal eld will be sinusoidally modulated which can be randomly
traced by muons. Here the muon-spin relaxation will follow the behaviour of a Bessel
function[Ama97].
In systems with dense and randomly oriented static magnetic moments, a Gaussian
eld distribution is expected such as the nuclear magnetic moments in a paramagnet.
For an isotropic Lorentzian internal eld distribution, the corresponding relaxation
function in the ZF limit will be given as :
A(t) = A0
[
1
3
+
2
3
(1− at)e−at
]
, (4.12)
The relaxation functions presented by 4.11 and 4.12 both apply to a dense and
dilute system of randomly oriented static magnetic moments, where the loss of
initial asymmetry depends on the eld widths ∆ and a. For both functions, the
muon-spin polarization reaches a characteristic minimum (deeper in the Gaussian
case) at t∆ = at =
√
3 before recovering to the constant `1/3'-tail at late times.
When a longitudinal eld is applied, it competes with the internal eld distribution.
In presence of an applied longitudinal eld, the muons precess in the vector sum of
internal eld and the applied eld. Since the eld is applied along the initial muon-
spin direction, in the limit of large applied eld the muon spin will be held constant
and relaxation will not take place. This suppression of the muon-spin relaxation is
usually referred to as longitudinal-eld `decoupling'. In this way, application of LF of
several amplitudes can dierentiate between a static and dynamic eld distributions
at the muon site. Since muon spin would ip due to dynamic elds, muon-spin
relaxation can't be suppressed by the applied eld if γµBext ⩽ νfluc. For a large
enough value of the LF, the muon spins completely decouple from all internal elds,
thereby allowing us to estimate the strength of local elds.
In presence of longitudinal elds depending on the nature of the internal elds
(static or uctuating), the muon spin depolarization function takes up very dierent
forms. Which helps to pinpoint the origin of the depolarization, therefore decoupling
experiments in longitudinal elds are routinely performed [Ama97]. Fig. 4.0.5 shows
such an example where the unconventional superconductor SrPtAs was measured
with muons. Similar to Sr2RuO4, additional relaxation appears below Tc in the ZF-
µSR data. In this case a weak longitudinal eld of 9 mT was found to be sucient to
decouple the muon spin polarization, proving the origin of the enhanced relaxation
to be quasi static moments [YR11].
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Figure 4.0.5: Top : In SrPtAs, exponential muon spin relaxation rate enhances
at the onset of superconductivity. Two dierent samples were
measured at dierent facilities. Bottom : A weak longitudinal
eld of 9 mT decouples the muon spin polarization. Reproduced
from [BLN+13].
µSR technique is also valuable for studying materials with random or short ranged
magnetic order. Since muons stop uniformly throughout a sample, the amplitude
of the µSR signals arising from the dierent regions of the sample are propor-
tional to the sample volume occupied by a particular phase- making this tech-
nique useful for samples containing multiple phases. µSR can therefore be used
to collect quantitative information on coexisting and competing phases in a mate-
rial [LSP+08, BTN+99].
The local magnetic environment in a real sample is made of contributions from
multiple sources of depolarization or precession of the muon spin. To handle it,
combined polarization functions can be constructed by multiplying together several
polarization functions. An exponentially damped Gaussian Kubo-Toyabe function
is such commonly observed depolarization behaviour:
P (t) = e−λt
[
1
3
+
2
3
e−∆
2t2/2(1−∆2t2)
]
, (4.13)
where one possible physical interpretation is the coexistence of fast spin uctuations
and a static Gaussian nuclear dipole eld. Note that Eq. 4.0.5 is valid only when
either of the contributions lies in the fast uctuation limit. If the nuclear and elec-
tronic subsystems exhibit comparable static line widths and correlation times, then
both of these relaxation mechanisms will not be statistically independent, making
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this equation invalid.
In an ideal crystal lattice, commensurate magnetic order of electronic magnetic
moments creates a discrete magnetic eld at the muon stopping site. On the other
hand, relatively simple magnetic structures can lead to several magnetically non-
equivalent muon stopping sites. For example, a static incommensurate magnetic
structure creates numerous magnetically inequivalent muon-stopping sites. For an
incommensurate spin density wave, the spatial modulation of the local magnetic eld
will be sinusoidal, having a eld distribution function of the so called `Overhauser'
form:
p(Bloc) =
2√
(B2max − B2loc)
, (4.14)
where Bloc varies between between zero and Bmax. The corresponding ZF relaxation
function will take a form :
P (t) = (1− α) + αJ0(γµBmaxt), (4.15)
where α is the oscillating signal fraction due to muons experiencing magnetic hy-
perne elds transverse to the initial muon spin polarization, usually 2/3 in case
of a polycrystalline sample. J0 is the zeroth-order Bessel function, which is the
Fourier transform of the Overhauser eld distribution. On the contrary, a commen-
surate magnetic structure can be analysed with a Cosine function, characterized by
a strongly damped oscillation and a phase shift. In reality, the relaxation function
takes up the form:
P (t) = (1− α)e−λLt + αJ0(γµBmaxt)e−λT t, (4.16)
λT and λL describe an additional static line broadening and a slow dynamical spin
relaxation, respectively.
TF µSR
When a type-II superconductor is subjected to a magnetic eld that is larger than the
lower critical eld Hc1, magnetic ux starts to penetrate into the bulk of the material
in the form of vortices. The vortices arrange themselves in the form of a regular
lattice, usually hexagonal. Each vortex contains one ux quantum ϕ0 = 2.068×10−15
Wb. The vortices have a core of radius ≈ ξ(coherence length). At the center of the
ux line, the superconducting order parameter is zero and it increases to its full value
outside the core on a typical length scale given by the coherence length. In the vortex
core, the local magnetic eld is the largest. Outside the core, supercurrents screen
the magnetic eld. As a consequence local eld decreases as a function of distance
from the vortex core on an average length scale given by the magnetic penetration
depth λ.
Muon spin rotation in a transverse magnetic eld (TF-µSR) has the ability to probe
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the local magnetic elds within a bulk superconducting sample. It has therefore
been widely used to investigate the eld distribution in the mixed state of Type II
superconductors. For T > Tc or Hext > Hc2, all of the implanted muons precess
with the same frequency ωµ = γµHext. In the mixed state, (Hc1 < Hext < Hc2)
muons, experience an inhomogeneous magnetic eld distribution due to the peri-
odic arrangement of the ux lines. The muons implanted close to the vortex cores
experience a large magnetic eld than the muons implanted between the vortices.
Consequently, a spread in precession frequencies originates, resulting in a dephasing
of the observed precession signal. This inhomogeneity of the local magnetic eld
can be modelled by a probability distribution of local elds p(B). This is plotted
in Fig. 4.0.6(a) for an ideal hexagonal vortex lattice. p(B) is highly asymmetric,
the `tail' at high eld corresponds to regions of the lattice close to the vortex cores.
The maximum of the distribution occurs at Bpk, that lies below the mean eld ⟨B⟩.
When muons are implanted into a superconductor in presence of applied eld B, it
can be directly measured leading to the asymmetry function:
A(t) = A0
∫
p(B)cos(γµBt+ ϕ)dB, (4.17)
where A0 denotes the initial asymmetry and ϕ is the initial phase of the muon spin
ensemble. p(B)dB determines the probability that the implanted muon experiences
a local magnetic eld in the range [B,B + dB] and precesses at the frequency ωµ
introduced earlier. In each experiment there is also a relatively sharp peak present,
due to muons that miss the superconducting sample and see the applied eld and
hence they precess in phase. In practice, this background contribution usually gets
broadened due to the eld expelled by the nearby superconductor. The other fea-
tures are broadened as well due to independent sources of eld inhomogeneities at
the muon site, such as static nuclear and/or electronic dipole elds, variations of
the macroscopic average eld, and the demagnetization eect depending on the geo-
metrical shape of the sample etc. Consequently the line shape of p(B) gets aected
and deviate from the ideal case shown in Fig. 4.0.6(a).
p(B) proles are obtained by performing a Fourier transformation of the µSR time
spectra as shown in Fig. 4.0.2(c). Although the Fourier transformation display the
local eld distributions directly, tting to a model of the vortex lattice is performed
on the time spectra. The connection between the time domain and the frequency
domain is given by Fourier transformations. An oscillatory signal in the time domain
corresponds to a Dirac-delta function in frequency space. In µSR, the frequency
distribution is directly proportional to the eld distribution p(B), the constant of
proportionality being the gyromagnetic ratio γµ, see Eq. 4.17. Therefore a damped
oscillation in the time spectra corresponds to a broad peak in the frequency domain,
and so a broader eld distribution will be observed as a faster depolarization rate
in µSR spectra.
To describe this eld distribution one can use the well established `second moment'
method [MKSK09]. This method is frequently applied to analyze µSR spectra by
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Figure 4.0.6: a : The eld distribution p(B) in the vortex lattice. Contours of
B are shown in b:. Reproduced from [Blu99].
means of a multi-component Gaussian t. In this case the time spectra are tted by
the sum of several Gaussian decay components along with a sinusoidal oscillating
part:
A(t) =
N∑
i=1
ai exp(−σ2i t2/2) cos(γµBit+ ϕ). (4.18)
A(t) is the asymmetry, and ai, σi, and γµBi are respectively the amplitude, decay
rate, and oscillation rate of each component. One of these components corresponds
to the non-depolarizing background, due to the muons stopping elsewhere than the
sample. The remaining components describe the eld distribution within the sample.
Using the t parameters the average eld at the muon stopping site ⟨B⟩ and the
variance of the asymmetric eld distribution ⟨∆B2⟩ can be calculated which are
given by : 〈
B
〉
=
n∑
i=1
AiBi
A1 + . . .+ AN
(4.19)
〈
∆B2
〉
=
n∑
i=1
Ai
A1 + . . .+ AN
[
(σi/γµ)
2 + [Bi −
〈
B
〉
]2
]
(4.20)
According to Eq. 4.20 the relaxation rate σ of the observed precession signal can
be used to directly determine λ and its temperature dependence. The variance is
related to the magnetic penetration depth [MKSK09], via:
λ−4 = C⟨∆B2⟩, (4.21)
where the proportionality constant C depends on the value of the reduced eld
b = ⟨B⟩/Bc2 and the structure of the vortex lattice.
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4.0.6 Under uniaxial pressure
Uniaxial pressure is a well-established technique in order to tune the electronic and
magnetic structure of a material. While uniaxial and hydrostatic pressure are both
ways to perturb a material without introducing disorder, the directionality of uni-
axial pressure allows the responses to dierent lattice distortions to be compared,
and in many materials gives qualitatively dierent eects from its hydrostatic coun-
terpart. Furthermore, external application of uniaxial pressure allows to change the
strain continuously, unlike in the case of epitaxial strain. To give a few examples
: the superconducting Tc of near-optimally doped YBa2Cu3O7−δ increases while
the orthorhombicity of the lattice is reduced by uniaxial pressure [WGF+92]. Tc
of La1.64Eu0.2Sr0.16CuO4 nearly doubles with moderate pressure along ⟨110⟩ crys-
tal direction, but it is less sensitive to ⟨100⟩ pressures [TSS+04]. Strong uniaxial
pressure applied to the helical magnet terbium drives it through Lifshitz transi-
tions [AKB00, AS03], thereby substantially aecting properties such as resistivity
like in Sr2RuO4 [SZB+17, BLS+19].
Uniaxial pressure has been combined with a range of measurement techniques, in-
cluding transport[KSRF13], magnetic susceptibility [TSS+04], and X-ray scattering
[KSB+18]. In this work, we choose µSR, in order to inspect behaviour of the TRSB
superconducting state in Sr2RuO4 under strain. µSR measurements have been per-
formed on hydrostatically pressurized samples by using muons that are suciently
energetic to penetrate the walls of the pressure cell, typically ∼50 MeV[KGM+16].
For uniaxial pressure, the sample can be exposed, eliminating this requirement.
Therefore the so called `surface muons' can be used. The surface muons correspond
to a stopping distance, of typically 0.1-0.3 mm. µSR experiments have already been
performed under uniaxial pressure
 at near room temperature with bellow-driven force generation wherein the
stress was continuously tunable [NKS+84],
 at cryogenic temperatures with a spring-based cell, where the maximum pres-
sure reached was of the order of ∼40 MPa [TSM+17].
To apply strain at cryogenic temperatures, we chose piezoelectric actuators. While
piezoelectric-based uniaxial pressure cells have been successfully used for much
smaller samples of Sr2RuO4(see 3.2.4, 3.2.6), the sample size required for µSR im-
poses new technical challenges. To start with, in order to reach the comparable
order of strain but now in a larger sample, the target force needs to be much higher
in comparison with the already existing cells[HBE+14]. For that reason, we needed
to develop a dedicated pressure cell, in order to perform our µSR experiments on
Sr2RuO4.
In the next chapter I will talk about the development, characterization and appli-
cation of the dedicated uniaxial pressure cell for µSR.
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5 Uniaxial pressure cell for µSR
In this chapter, I am going to introduce the piezo based uniaxial pressure cell, that
is optimized for µSR experiments. The technical development described throughout
this chapter has been an integral part of the work presented in this thesis, by al-
lowing us to perform the desired µSR experiments. I start by discussing the design
of a prototype of the pressure cell, that was employed in our very rst µSR mea-
surements under uniaxial pressure on Sr2RuO4. Being a prototype it was imperfect,
however it provided us with invaluable set of information, that was later used to
build the advanced version of the pressure cell. The eorts made to reach lower
base temperature with dierent iterations of the pressure cell will be documented
in this chapter. Additionally, I will talk about the electrical connections, that was
also revised among dierent iterations of the cell. In this pressure cell, we have
force and displacement sensors that monitor the mechanical state-intactness of the
sample over the course of the measurements. The calibrations of these sensors will
be discussed, and results demonstrating operational limits of the uniaxial pressure
as well as real-time examples of strain application will be presented.
The orthorhombic distortion studies of Sr2RuO4 have been performed using dierent
generations of the piezoelectric based uniaxial pressure cell shown in Fig. 3.2.10(b).
These cells, designed to t into typical cryostats, usually have a diameter of 25-50
mm, height ∼15 mm [BSMH19]. In practice the applied strain is not strictly uniaxial
here. The sample has nonzero Poisson's ratio, therefore when strain is applied along
its length, that will induce strains also along its thickness and width. Nevertheless,
the stress within the sample is strictly uniaxial.
Often in an uniaxial pressure apparatus the pressure is set at room temperature by
turning a bolt, in which case the sample needs to be thermally cycled repeatedly
to perform measurements at dierent pressures. However, in order to achieve high
uniaxial pressure in large samples, it appears crucial to be able to cool the sample
rst, and then apply the stress. In this way we enhance the elastic limit of the
sample, since it has been observed that bulk Sr2RuO4 begins to deform plastically
at stresses above ∼0.2 GPa applied at room temperature. On the contrary, the
sample continues to undergo elastic deformation up to almost 2 GPa when pressure
is applied at 5 K [BSMH19]. It is important to have reduced the risk of plastic
deformation in case of Sr2RuO4, as dislocations are known to induce local higher-Tc
superconductivity [YSX+13].
µSR measurements have been performed on uniaxially pressurized samples using
a spring-based cell [TSM+17]. However, in order to probe pressure response with
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Figure 5.0.1: Piezoelectric response at cryogenic temperatures. Strain
generated in an 18 mm-long piezoelectric actuator(Physik Instru-
mente P-885.51) at 1.5 K over voltage sweeps with three dierent
ranges. The actuator was held under ∼1 N of compression. The
displacement generated by the actuator was measured with an
interferometer. The interferometer reset after each sweep, so the
curves are each placed along the y axis to be centered at zero
strain at V = 0. Reproduced from [BSMH19].
higher resolution it is essential to have the option of fast in situ tunability in facility
based experiments. The use of piezoelectric actuators oers continuous in situ tun-
ability of the applied strain in a rapid and precise manner. Piezoelectric actuators
are a good choice especially for in situ tunability as they are mechanically simple
and capable of generating larger forces in a small volume. In order to construct
continuously-tunable uniaxial pressure cells Helium-lled bellows [PBS97] can also
be used, which provide large forces at a low spring constant. Unlike the piezoelec-
tric based cells, in this case the force on the sample will be independent of small
displacements such as due to deformation of the sample under applied force or dier-
ential thermal contraction. However at sub Kelvin temperatures the Helium would
freeze. This kind of compact cell has been designed for small-angle neutron scatter-
ing experiments where the required sample volume is ≳1 mm3 and the maximum
gas pressure is ∼8.3 MPa [FLLB+17].
Fig. 5.0.1 shows the typical strain generated in a nearly free 18 mm-long piezoelectric
actuator at 1.5 K as a function of applied voltage. This cryogenic response of
the piezoelectric actuators was measured by Mark Barber. For this measurements
reported in [BSMH19], lead zirconium titanate (PZT) stacks were used, having an
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active length of ≈16 mm[Par], that can be operated between -20 and +120 V at
room temperature according to the manufacturer. At cryogenic temperatures the
response of the piezoelectric actuators is substantially reduced compared to that in
room temperature[PI15], however this can be partially balanced as the actuators
can withstand larger voltages at low temperatures. Over an applied voltage range
of -200 to +200 V, the actuator strain varies within a range of ∼ 7 · 10−4. And for
a higher voltage range of -400 to +600 V the strain increases to ∼ 2.8 · 10−3.
Note that such voltages are well beyond the manufacturer's recommended maxi-
mum, and here the generated strain becomes highly non-linear and hysteretic. Nev-
ertheless it is evident- at cryogenic temperatures large strains can be generated by
applying high voltages to the actuators. The piezoelectric actuators can be longer
if needed, and the micron scale displacements generated by them gets transmitted
to the sample, so much higher strains can be achieved in the sample compared to
that in the actuators.
The Young's modulus of the actuators is 40 GPa1, therefore a strain of 2.8 · 10−3
corresponds to a pressure of ∼110 MPa. Which means it is in principle feasible to
obtain much larger forces from piezoelectric-based than bellows-based apparatus of
the same volume. However, the short stroke length of piezoelectric actuators would
demand a sti frame to transmit the generated force to the sample and for that
purpose we have chosen Titanium as the building material of our pressure cell.
5.0.1 Experimental conguration
The essential experimental conguration for µSR is shown in Fig. 5.0.2. The sample
is a plate that faces the muon beam, and is pressurized along its length. For a given
sample volume, the plate-like geometry maximizes the sample area in the beam,
thereby maximizing the number of muons that would be intercepted at the sample.
For a decent count rate, it is typically required to have a sample area of at least
∼10 mm2 facing the muon beam. The minimum desired thickness of the sample is
decided by necessary stopping density of the muons(>160 mg/cm2). For Sr2RuO4,
the samples were needed to be at least ∼0.3 mm thick[PLM+02], to stop the so
called surface muons. In case of compressive loads, the upper limit on the sample
length-to-thickness ratio is set by the stability against buckling. When the ends of
the sample are constrained so that they cannot pivot, for a plate of thickness d and
strained length l2 the buckling load is given by the Euler's formula:
F =
4π2EI
l2
(5.1)
1It is likely to be higher at low temperature, but by how much is not known[PICa].
2`strained length' of the sample is the length over which strain is applied: in our case the sample
is mounted with epoxy such that strain is not applied to the sample ends.
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Figure 5.0.2: The essential experimental setup. Tensile or compressive
force is applied along the length of a plate-like sample. The ap-
plied force is transmitted to the sample through the epoxy layers
at the ends.
where E is the Young's modulus and I is the area moment of inertia. For a thin
rectangular plate I = d3w/12, where w is the width, and the longitudinal strain is
ε = F/Ewd. The critical aspect ratio above which the plate buckles, can therefore
be estimated:
l
d
=
π√
3ε
(5.2)
Means for a compressive strain of 0.5% the sample is expected to buckle when
l/d > 25.
In Sr2RuO4, the peak in Tc occurs at a uniaxial compression of ∼0.44% [BLS+19],
so we want to be able to compress the sample more than that. The width of the
sample is usually ∼3 mm, width of typical rods of Sr2RuO4, grown by a oating
zone method [BKM+19]. The Young's modulus of Sr2RuO4 is 160 GPa [BLS+19],
so compression of a sample of this size by 1% would require a force of ∼1400 N.
Using epoxy A common way of uniaxially pressurizing a sample is to squeeze it
between two anvils, however this method needs to be performed with great care for
the strain to be homogeneously distributed over the sample. Here, we have opted to
apply the force to the sample through layers of epoxy. Uniaxial stresses of the order
of 2 GPa are reached routinely in Sr2RuO4 samples of cross-section up to ∼0.1 ×0.3
mm2 using epoxy, with much better stress homogeneity in the central, measured
portion of the sample than by using anvils[BSMH19]. With anvils compressive
stress is applied to the sample ends that are locked to the anvils, while the central
portion of the sample tries to expand according to its Poisson's ratio, which results
in strain inhomogeneity. But here, force is transferred to the sample via shear
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stress applied through the epoxy layer to the sides of the sample. In this way, the
points of high stress concentration are usually eliminated as the epoxy constructs
a conformal layer. The epoxy is usually softer than the sample so the force gets
applied to the sample over a relatively large area, further reducing the maximum
shear stress at the sample-epoxy interface. With the use of epoxy, samples can be
tensioned in addition to compression. The epoxy also prohibits the sample ends
from pivoting, hence increases the buckling limit of the sample, thereby making it
possible to achieve higher strains.
For larger samples the stress in the epoxy will be higher and the strength of the
epoxy might become a limiting factor of the maximum force that can be applied.
One way to overcome this is to have the plates (that hold the sample) tapered o in
one end, as shown in Fig. 5.0.2. This conguration makes it possible to have elastic
deformation in the sample plates towards their thin end, reducing the maximum
stress in the epoxy. As it has been described in [HBE+14], the load transfer length,
the length over which the epoxy deforms and the force is transmitted to the sample
is a crucial parameter. Knowledge of the transfer length is needed to determine the
thickness of the epoxy layers, since the latter one is varied to limit the shear stress
in the epoxy. For the µSR experiments we usually aimed for a strain transfer length
of around 1 mm. It is not realistic to make it much longer, because the epoxy layers
become very thick. Epoxy depth can be increased only when there is a enough
length of spare sample at both ends held in the epoxy. Increasing the epoxy depth
too much reduces the amount of strain transmitted[HBE+14].
In case of small samples, the piezo actuators operate almost independently of the
stiness of the sample. But when it comes to pressurizing large samples, one needs
to consider the sample stiness as well. Altogether, achieving high stress in a large
sample requires careful sample preparation that needs to be done well in advance of
beamtime. Another prerequisite for such measurements is the design of a suitable
sample holder that transmits the force to the sample safely. The design of the
pressure cell therefore begins at the sample holder.
The uniaxial pressure cell presented in this thesis was primarily designed by Cliord
Hicks. In the course of the development several contributions were introduced by
the whole team from TU Dresden and bulk µSR group at Swiss Muon source. The
parts of the uniaxial pressure cell were manufactured by the mechanical workshop
in TU Dresden. This dedicated pressure cell for µSR has already been reported in
[HGBK, GBN+20].
5.0.2 Design of the pressure cell prototype
In this section, the prototype of the uniaxial pressure cell will be described, which
was used for the µSR measurements only once. It contributed signicantly in build-
ing the cell, especially by outlining the practical challenges for performing µSR under
uniaxial pressure.
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5.0.2.1 Sample holder and sample mounting
In case of facility based techniques like µSR, measurement time is restricted so mul-
tiple samples should be prepared in advance of the beamtime, and sample exchange
needs to be a rapid process. For that purpose, in this cell, the sample needs to be
secured in a detachable holder. This holder must be attachable to a device that
generates large forces, and the attachment process must not damage the sample.
The sample holder is made of Titanium. The sample is rmly axed to the holder
with epoxy such that it can be put under tension or compression. Asymmetric
sample mounting causes the sample to bend under strain, thereby creating a strain
gradient across the sample's thickness[Bar17]. So the sample needs to be mounted as
symmetrically as possible in order to eliminate bending. And that can be achieved
reliably, by using a pair of sample plates sandwiching the sample at each side. In
this mounting procedure, each end of the sample gets secured with lower and upper
sample plates, separated by spacers behind the sample, see Fig. 5.0.3. Spacers
are included to set the correct epoxy thickness. They also help in preventing the
sample getting crushed during assembly. Each pair of sample plates, along with the
spacers, nally gets bolted to the tabs on the sample holder. The sample mounting
is a careful procedure for several reasons. First and foremost, the sample plates and
the sample should be precisely aligned along the direction of strain to be applied.
We want the sample to bestride, with similar amount of overlap at each end in order
to be held rmly by the epoxy. Having the proper thickness of the epoxy layer is
crucial, as it was found in the case of smaller samples[HBE+14, Bar17]. For µSR
samples we opt for relatively thick epoxy layers as the maximum shear stress within
the epoxy will be lower which makes it less likely for the sample and epoxy to fail
at high applied strains. Additionally, we aim to have a length of sample at least 23
times the length embedded in the epoxy at each end.
Mechanical protection is needed against any kind of inadvertent transverse or twist-
ing forces that can cause damage to the sample which is generally thin and me-
chanically delicate, for example while mounting the sample, or undesired bending
from loads that are o-centred. Therefore, two sets of exures are implemented
to constrain the `moving end' of the holder to move longitudinally. The exures
are thinner along the direction of applied strain than perpendicular to it, therefore
present a low spring constant for longitudinal motion, and a much higher spring
constant for twisting or transverse motions. Once the sample is mounted the holder
can be handled easily, because of the presence of exures.
The space around the sample is kept as open as possible in order to minimize the
positron count rate from material other than the sample. The muons that miss the
sample get picked up by the veto detector[Dol] and positron counts from their decay
are rejected i.e. exempt from producing a signal for the clock shown in Fig. 4.0.2.
Portion of the sample holder intruding into the beam can be masked, so that the
signal corresponding to the muons hitting the holder should not interfere with the
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Figure 5.0.3: The sample holder. The moving end of the sample attaches
to the portion of the holder labelled 1. A U-shaped rigid body is
formed by the portions labelled 2, and the xed end of the sample
is attached to that. Flexures between parts 1 and 2 constrain part
1 to move along a straight line.
sample signal. In our experiments with Sr2RuO4, we chose Hematite as it's strong
antiferromagnetism relaxes the muon spin rapidly after implantation, within ∼50
ns (see Fig. 6.0.13(a)). Therefore the muon fraction that misses the sample and
implants into the Hematite mask can be excluded from our analysis by choosing a
proper time window.
5.0.2.2 Force generator
The sample holder gets attached to the main part of the pressure cell, that generates
large forces and termed as generator. It contains the set of piezoelectric actuators.
The frame of the generator is made of Titanium. The piezo actuators are of the
same family [PICc] as the ones used for the test results shown in Fig. 5.0.1.
Fig. 5.0.4(a) presents the conguration of the prototype of the uniaxial pressure cell
designed for µSR, with the force generator and the sample holder combined. Since
the actuators are sintered powders and cannot withstand high tensile loads, in order
to apply large forces the piezoelectric actuators must be preloaded. To generate
preload forces, we have used mechanical springs. There are four actuators, joined
electrically into two pairs labelled as `compression' and `tension' actuators. The
actuators are placed between four struts that transmit the preload. The combination
of tension and compression actuators- whose actions on the sample are opposed,
is essential for temperature compensation. When the temperature of the cell is
changed, the lengths of the compression and tension actuators change together, so
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Figure 5.0.4: a: Schematic of the uniaxial pressure cell prototype. The
gray portions are joined rigidly to constitute the xed frame of
the cell. Force is applied to the moving end of the sample through
the central rod, whose position is controlled by the piezoelectric
actuators. The red line traces the mechanical path from the xed
plate B through the tension and compression actuators and to the
sample.
b: Symmetric arrangement of identical `compression' and `ten-
sion' actuators in order to compensate the dierential thermal
contraction of the actuators.
c: Cross sectional view of the apparatus as seen by the muons.
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there is minimal change in the load on the sample. A plausible conguration of
piezoelectric actuators resulting from these considerations is shown in Fig. 5.0.4(b).
The xed frame of the cell consists of the outer struts, plates A(acts as anchor of
the upper preload springs), B(anchor of the set of piezoelectric actuators), C(anchor
of the lower preload springs) and the outer anges at the bottom of the generator-
that are bolted together. Brass screws are used to hold the outer struts to the spring
and piezo anchors. Brass contracts more than titanium, therefore the apparatus gets
more tightly secured upon cool down. The actuators are joined by the bridge so that
they do not shift sideways when the preload is applied. The tension actuators are
axed to plate B. The upper preload spring maintains a force that pushes the bridge
into mechanical contact with the other end of these tension actuators. Therefore the
voltage applied to the tension actuators xes the position of the bridge. The other
pair i.e. compression actuators, also contact the bridge, via two rods at the bottom
passing through plate B. The rods then merge into a single central rod. And nally,
the moving end of the sample is attached to this central rod, through the holder.
And in this way, the position of the moving end of the sample holder is determined
by the relative length of the piezoelectric actuators.
The labelling of the actuator pairs are based on their eect in straining the sample.
If positive voltage is applied to the compression actuators, they lengthen and push
the central rod downward, which in turn compresses the sample. But when posi-
tive voltage is applied to the tension actuators, they lengthen and push the bridge
upwards. The compression actuators and the central rod are pushed upwards as
well, by the lower spring, and they move with the bridge, thereby tensioning the
sample. Unlike room temperature, the actuators can withstand large negative volt-
ages at cryogenic temperatures, so in order to apply compressive force, one can also
combine positive voltage on the compression and negative voltage on the tension
actuators.
As mentioned earlier, the upper and lower preload springs are needed here, to main-
tain the actuators under compressive load across the full range of operation of the
pressure cell. In the absence of the preload springs, applying for example a com-
pressive force to the sample would place the tension actuators under tension. The
springs are intended to apply approximately constant forces across the full temper-
ature and force range of the cell. Inclusion of these preload springs is one of the
signicant changes in comparison to the cells that have been used otherwise for
measuring Sr2RuO4 [HBE+14, BLS+19].
An important point of consideration is the dierential thermal expansion between
the sample and the cell. Titanium has a signicantly small thermal expansion as
a metal, it contracts by ∼0.15% between 300 K and 4 K[Eki06]. As a result, even
if the sample is mounted at zero strain at room temperature, by the time the cell
is cooled down to cryogenic temperatures the sample will be put under tension.
This thermal stress can be actively compensated by operating the actuators during
cooling, and therefore maintaining the sample close to zero strain. Additionally, the
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Figure 5.0.5: Cryostat conguration. A scheme of the important part of the
3He insert of Dolly spectrometer at Swiss muon source. A dummy
of the uniaxial pressure cell is presented by the green cylinder. It
gets attached to the 3He pot and stays in vacuum. Reproduced
from [Hel].
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actuators lengthen by ∼0.1% between room temperature and 4 K as they are cooled
[PICb, SW87], resulting in a large dierential thermal contraction between them
and the frame of the cell. This dierential contraction pushes the bridge upward
as the apparatus is cooled. However, the position of the central rod remains xed,
keeping the stress on the sample low. Therefore the symmetric arrangement of the
actuators as shown in Fig. 5.0.4(b) happens to be vital in this setup.
Cryostat conguration The uniaxial pressure cell is designed to t into the DOLLY
spectrometer at the πE1 beamline of the Paul Scherrer Institute. It is equipped with
a standard 4He bath cryostat(Variox) with a built in variable temperature facility
ranging between 1.6 - 300 K [Var]. In order to access milikelvin temperature range,
a commercially available 3He fridge VT(Heliox) is directly inserted within it[Hel],
see Fig. 5.0.5. The extensive operational details concerning the cryostats are avail-
able elsewhere [Dol], so I will be mentioning only a few relevant information. The
HelioxVT `1 K surface' acts as the 1 K pot for the 3He refrigerator and it is cooled
to <2 K by the Variox Cryostat using exchange gas. The exchange gas inside the
3He insert's sample space(IVC) gets automatically condensed at low temperatures
by a charcoal. The pressure cell is mounted in vacuum on the underside of the 3He
pot, and the diameter of IVC is 25.5 mm. It is therefore crucial to have the cell ther-
mally anchored properly, in order to achieve ecient cooling. And in practice, that
turns out to be technically demanding mainly due to the limited space therein. The
sample can be changed by warming the entire Heliox insert to room temperature
and then removing the IVC, which takes ∼ 5 hours. A RuO2 resistor attached to
the 3He pot is used to monitor the temperature of the sample. For our experiments
with the pressure cell, we always had an additional temperature sensor attached to
the bottom of the sample holder(see Fig. 5.0.13(b)).
5.0.2.3 Analysis
In this design of the prototype shown in 5.0.4(a), the maximum compressive force
on the sample is reached when the load Fu is carried entirely by the compression
actuators. This force is then restrained by the lower spring, so the maximum com-
pressive force that can be achieved on the sample is Fu - Fl. Likewise, to reach
the maximum tensile force on the sample, the load on the compression actuators
needs to be zero. The lower spring will pull on the sample with a force Fl, and the
force from the upper spring, Fu will be carried completely by the tension actuators.
So the maximum tensile force that the apparatus can apply to the sample is Fl.
Most samples are found to withstand much more compression than tension, so it is
advisable to choose Fl considerably smaller than Fu. In this prototype apparatus,
we chose Fu and Fl to 750 and 150 N, respectively.
In practice, the force range set by the preload springs might be lowered due to the
stroke length of the actuators and elastic compliance of the apparatus. According
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to Fig. 5.0.1 within a range of -200 to +200 V, strain range on the actuators is ∼7
× 10−4. We have used 54 mm long actuators in this prototype, so the maximum
displacement generated by them would be 2 × 7 × 10−4× 54 ∼ 75 µm. This dis-
placement is then going to be distributed among the rest of the apparatus including
elastic deformation of the actuators along with the epoxy holding the sample and
nally the sample itself. During operation, combined tension Fu that is carried by
the portions of the outer struts above plate B stays unchanged and it balances the
force generated by the upper preload spring, as mentioned earlier. But stress on the
parts below plate B varies while the force on the sample is varied. If we roughly
consider these elements altogether as a column of titanium ∼100 mm in length and
∼6 mm in diameter, the spring constant of such a column will be
∼ 110 GPa× π(3 mm)2/100 mm ∼ 3 · 107 N/m,
where 110 GPa is the Young's modulus of titanium. The spring constant of a typical
Sr2RuO4 sample having frontal area in the beam 4× 3 mm2 turns out to be
∼ 160 GPa× 3 mm× 0.3 mm/4 mm ∼ 3.6 · 107 N/m.
The spring constant of these elements : actuators, apparatus, and sample - in series
is therefore ∼ 1.09 · 107 N/m. A 75 µm displacement range from the actuators is
thus expected to result in a force range on the sample of ∼ 820 N. Fu and Fl could
be chosen accordingly such as this total force can be a combination of a maximum
tensile force of e.g. 220 N, and maximum compressive force of 600 N.
5.0.2.4 Discussion
In the experiment with the prototype, a sample of Sr2RuO4 was compressed by
0.2-0.3%, and its Tc was enhanced correspondingly, see Fig. 6.0.3(b). Here, the
maximum force applied to the sample was 400-500 N. In the very rst experiment,
Fu and Fl were set to low values due to doubts about the strength of the joins
between the struts and the plates of the generator. The -400 V to +600 V range
over which the actuators were tested initially(Fig. 5.0.1), corresponds to a strain of
2.8 ×10−3. The Young's modulus of the actuators is 40 GPa[PICa], therefore a strain
of 2.8 · 10−3 corresponds to a pressure of ∼110 MPa. However the maximum pressure
on the actuators is only 30 MPa, according to the manufacturer. Here, the actuators
had a cross section of 7×7 mm2 and they are paired, so the theoretical maximum
pressure corresponds to a force of 2900 N. The elastic compliance of the frame and
sample is going to reduce the maximum force deliverable to the sample further, so
a more realistic target would be ∼ 2000 N. Therefore it is evident that our target
force of ∼1400 N is achievable. However, in order to reach that without making
the apparatus larger, we will need to drive the actuators to higher voltages. That
brings us to another feature that the pressure cell should ideally possess, for practical
usage. Given that the muon beam time is nothing but a scarce commodity, it would
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be benecial to have the option of replacing the set of actuators conveniently. In that
case it should not be a major concern whether the high voltage operation impacts
the lifetime of the actuators.
As it has been discussed in [HGBK], one could also opt for a stier frame made
of a material with higher elastic modulus. However, the combined spring constant
of the actuators is 3.3 ×107 N/m, with a Young's modulus of 40 GPa. Which
means the combined spring constant of the actuators and sample would only be
∼ 1.7 · 107 N/m even if the elements in the apparatus could be made innitely sti.
A force of 1400 N would require an unloaded-actuator displacement of ∼ 85 µm,
which could be generated with ∼ +350 V on the compression and ∼ -200 V on the
tension actuators.
Our rst set of experiments with the prototype demonstrated that it is feasible to
build a piezoelectric-driven uniaxial pressure cell which can accommodate samples
suciently large for practical µSR experiments. Although space limitations in the
actual design restricted the preload forces of the mechanical springs and allowed
compressive forces up to 400-500 N and tensile forces up to 200-250 N on the sample.
And the preloads were not adjustable. The joins between the plates and outer struts
constituted weak structural points, which could get broken while targeting higher
force. The sample mounting involved too many separate parts, and the required
lines of sight to the sample were not available. In experiments with the prototype,
considerable time was spent determining the true strain on the sample, by measuring
Tc through TF-µSR experiments. It is crucial as in the end it leaves insucient time
for our main focus, zero-eld µSR measurements. Also in the prototype, piezoelectric
actuators were not accessible for repair. As described in sec. 6.0.1, in the experiments
with the prototype the sample signal was rather small, which restricted us from
having ZF-µSR data with desired accuracy.
5.0.3 Design of the uniaxial pressure cell
Starting with the prototype, a number of practical improvements have been made in
the pressure cell as well as in the cryostat conguration at the Dolly spectrometer in
Swiss Muon Source, over the consecutive years, which will be discussed now. After
that capabilities of the uniaxial pressure cell will be demonstrated.
5.0.3.1 Sample holder and sample mounting
The new holder design is shown in Fig. 5.0.6(a). The sample is mounted between
an outer portion of the holder (gray) that can be considered as xed relative to
the frame of the pressure cell, and an inner portion(blue) that can move. The
moving portion is guided by four exures. Here the sample is inserted into slots
instead of sample plates and spacers held together with screws, as it was for the
prototype. In this way the assembly process is much faster and overall it is much
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Figure 5.0.6: a : Schematic of the sample holder. This design oers access to
the sample from all four sides.
b : Finite element analysis of the z-axis strain εzz within the sam-
ple holder under an applied load. The load is applied at the red
hatched surfaces. The strain per newton of applied force is indi-
cated at the mounting locations of the strain gauges. Reproduced
from [GBN+20].
c : Force is transferred into the sample through epoxy layers.
Spacer wires may be inserted to control the thickness of the epoxy
while curing.
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stier. Electrical discharge machining (spark erosion) can be used to vary the length
of the gap between the mount blocks as appropriate for the sample to be mounted.
The dimensions of the slots accepting the sample can also be adjusted to match the
sample dimensions, its width being the sample thickness plus the desired thickness
for epoxy. Lateral windows are present in the sides of the holder, enabling fabrication
of these slots through spark erosion. Additionally, these windows are a practical
necessity for sample mounting. As mentioned earlier, for achieving high forces the
thickness of the epoxy layers needs to be controlled, and this windows oer line of
sight for bonding to the sample from all sides. This was not possible in the earlier
holder design shown in Fig. 5.0.3. The sample gets slotted in from the side. For
centring the sample in the slot spacer threads can be used, see Fig. 5.0.6(c). They
get tied to the legs of the sample holder, and then pass through the sample mount
slots. Spacer wires also control the thickness of the epoxy. The process of mounting
would vary depending on the sample. For materials being not mechanically robust,
it is possible to assemble a plate by gluing together smaller crystals. Thin foils of
beryllium copper, titanium etc. can be used to enhance mechanical stability of such
a structure. The holders have spare attachment points which can be used to mount
Hematite masks, temperature sensors.
Force sensors In experiment with the prototype the strain value as well as the
force applied to the sample was estimated from the applied voltage to the piezoelec-
tric actuators(see section 6.0.1). It was then conrmed by the observed change in
Tc, since for Sr2RuO4 behaviour of Tc under strain is well known. However, voltages
applied to the piezoelectric actuators are not a good measure for the strain that the
sample undergoes, for several reasons:
 over wide temperature and voltage ranges, the actuators are found to be hys-
teretic,
 actuators are driven in the non-linear range,
 the spring constant of the sample is subject to change(for the same/dierent
samples),
 exchange of holders and actuator cartridges are bound to take place,
 epoxy slipping as well as breakage of the sample is not considered,
 the room temperature specications of the piezoelectric actuators are available
from the manufacturer, however the properties change upon cooling as it has
been mentioned earlier in this chapter.
Therefore, it is essential to have an independent quantitative measure of the strain.
For that purpose, strain gauges can be mounted on the struts at the sides of the
sample holder. The gauges can measure the elongation of the struts when a load is
applied, therefore serve as a sensor of the force applied to the sample. The position-
ing of the force sensors was determined according to the nite element analysis of
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the sample holder illustrated in Fig. 5.0.6(b). This was simulated with 1000 N ap-
plied to the holder which is made of Titanium. Finite element simulations that are
mentioned in this chapter were performed by Cliord Hicks. Note that the strain is
much higher on the inside than the outside of the struts. Therefore, the force sensor
consists of two strain gauges axed to the inner-side of the longitudinal struts in the
sample holder (where deformation of the sample holder shows the strongest eect)
and two strain gauges at the bottom block of the sample holder, that comes under
compressive strain when the sample is compressed, see Fig. 5.0.6(b). We used com-
mercially available resistive strain gauges [Gau], connected in Wheatstone bridge
conguration.
5.0.3.2 Force generator
The generator of the uniaxial pressure cell will be discussed now, that uses piezoelec-
tric actuators for generating a compressive force of up to ∼1000 N. It has a diameter
of 23 mm and a length of 202 mm including the sample holder. A schematic of the
generator is shown in Fig. 5.0.7(a) along with the sample holder. The upper portion
of the sample holder ts between anges of the force generator. The anges are
smooth; the force is transferred solely through friction between the surfaces(front
and back). This mating feature is suitable for a piezoelectric-based generator as
piezoelectric actuators can generate high force but only small(micron scale) dis-
placements, and so generated displacements needs to be transferred to the sample
as eciently as possible, without loss due to mechanical play. In the present design
we did not opt for any tongue-and-groove mating features. That would demand even
higher manufacturing precision and additional precautions in the assembly process,
failing which might result in unintended strain applied to the sample, that too at
room temperature where the elastic limit is lower than in cryogenic temperatures.
For example, in case of Sr2RuO4 the elastic limit at room temperature is at around
a strain of about 0.2%. Which means for a sample of 10 mm length, 20 µm inadver-
tent displacement will be able to damage the sample-which dictates the importance
of highly precise machining.
The generator maintains a preload force of ∼1000 N, which is generated by a com-
pression spring and then applied to the piezoelectric actuators. The preload spring
is consisting of Belleville washers made of CuBe [Dis], and located at the top of the
generator. In the pressure cell we used disc springs having a diameter of 18 mm,
instead of 16 mm that were used in the prototype. A small increment in the spring
diameter results in increasing the force they can supply. The force is applied through
a bridge plate to a set of four piezoelectric actuators that are joined electrically into
two pairs, known as the `compression' and `tension' actuators. The bridge plate is
epoxied to the frame and presses directly onto the actuator cartridge. The bridge is
held in place by a one-sided exure that is epoxied to it. By maintaining the position
of the bridge, the exure is intended to save the piezo cartridge from cranking while
any inadvertent torque arises. On the opposite side of the exure, a stop is epoxied
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Figure 5.0.7: a: Schematic of the uniaxial pressure cell. It consists of a
force generator and a detachable sample holder. The gray- and
green-coloured parts are the Ti frame of the generator and the
sample holder respectively. Force is transmitted from the piezo-
electric actuators to the sample holder through a transmission
column, coloured purple. The bottom ends of the tension actua-
tors are anchored to the Ti frame, via holes passing through the
top plate of the transmission column. The bottom ends of the
compression actuators are anchored to the transmission column.
The actuators are contained within a detachable cartridge.
b: Diagram of the mechanics of the cell. Each compo-
nent is labelled by its approximate spring constant obtained from
simulation. The relative lengths of the tension and compression
actuators determine the fraction of the preload to be transferred
to the sample. Reproduced from [GBN+20].
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to the frame. The stop is installed to limit the range of motion during handling:
too much force should not be applied to the bridge when there is no piezo cartridge
present beneath to constrain it. A potential instability can be that the actuators
bend and get pushed out to the side under a strong preload. However, irrespective of
the presence of the exure, the bending stiness of the actuators alone are capable
of resisting this up to a preload force of 80 kN [Prib].
By introducing a voltage dierential between the compression and tension actuators,
force is applied to the sample. The relative length of the actuators determines the
fraction of the (approximately constant) preload that gets transferred to the frame of
the cell, versus the sample holder and nally the sample. Instead of having a second
set of preload springs like in the prototype, the other end of the tension actuators is
coupled to the frame of the generator here, while the other end of the compression
actuators is coupled, through a transmission column, to the sample. Before installing
the sample holder, the preload is carried fully by the tension actuators and the
load carried by the compression actuators is necessarily zero. The sample holder
is usually inserted with all of the actuators grounded, and hence as long as we
keep voltages on the compression and tension actuators (Vc and Vt, respectively)
to be equal, the preload is carried dominantly by the tension actuators. When
Vc is made more positive than Vt, the compression actuators lengthen relative to
the tension actuators, the bridge stays xed and so the load is transferred to the
sample, via the transmission column. Since the other end of the sample is xed,
in turn the sample gets compressed. On the other hand, negative voltage on the
tension actuators results in shortening them, which moves the bridge downwards.
Compression actuators follow the bridge and hence the sample gets compressed. Like
in the prototype, the diagonal arrangement of the actuators is insensitive to common-
mode changes in length of the compression and tension actuators, allowing access
over a wide temperature range despite the strong dierential thermal contraction
between the actuators and frame of the cell. The frame is a single piece of Ti here,
in contrast to several parts that were bolted together in the prototype. The cell is
mostly made from titanium, chosen because of its rigidity and its thermal contraction
is similar to the transverse thermal contraction of the piezoelectric actuators[SW87,
PI15]. Ti becomes superconducting below ∼0.5 K and at magnetic elds below ∼46
mT[SH53a], hence does not really interfere with measurements of superconducting
samples.
Displacement sensors In order to measure the displacement between the frame
of the generator and the transmission column, the generator also incorporates a set
of four strain gauges, connected in a Wheatstone bridge conguration. They are
attached to exures which guide the motion of the transmission column shown in
Fig. 5.0.7(a). Fig. 5.0.7(b) shows a schematic diagram of the mechanical connections
in the pressure cell that is discussed later.
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Loading the cell The preload is held by a set screw (see Fig. 5.0.7(a)), which xes
the position of the spring compression plate. In other words, the position of the set
screw determines the state of compression of the preload springs. The application of
the preload involves several steps and the dedicated setup is shown in Fig. 5.0.8(a).
We use this setup for loading, as it is not practical to turn the set screw against the
preload- it would require strong force in order to work against the springs. And that
would result in much more wear on the thread of the set screw, which in turn can
be damaging for the pressure cell components. For that reason, the top of the cell
incorporates tapped holes through which it is bolted to the lower loading plate. The
intermediate loading plate is designed to hold two pegs, passing through holes in the
lower plate and slotting in hollows at the spring compression plate, which pushes on
the preload spring. The upper loading plate presses on the intermediate plate. The
load from the preload springs can be transferred to the pegs and the intermediate
plate, by tightening the screws between the upper and lower plates. When it is
fully transferred the set screw can be installed or removed. The loading plates are
intended to apply the force without torquing the bridge. The degree of compression
is estimated by measuring the height of the stack of compression springs (and also
the distance between the upper and lower loading plates) at intermediate steps. The
plot shown in Fig. 5.0.8(b) is used to estimate the amount of preload in the cell.
During setting the preload, it should be remembered that the piezoelectric actuators
lengthen upon cooling, therefore the dierential thermal contraction between the Ti
frame and the actuators will result in increasing the preload further upon cool down.
In this conguration, the preload can be adjusted upon need, unlike in the case of
the prototype.
Piezoelectric actuators The piezoelectric actuators are contained in a cartridge
which can be replaced when the preload is released. As it was discussed in section
5.0.2.4, the actuators must be driven to high voltages at low temperatures, above
the manufacturer's specied maximum in order to achieve our target force applied
to the sample. Here we choose the increased risk of actuator breakdown or fracture
in exchange for a more compact cell, as we are aiming for a high force in a small
total volume within the available vacuum space. It is therefore time-ecient to
have actuators exchangeable during a beamtime. This removable piezo cartridge is
one of the key improvements on the prototype described in [HGBK]. The actuators
are electrically insulated(using heatshrink)to prevent arcing. In the cartridge, at
their top ends they are joined by a sti cap plate. At bottom ends they are joined
by a exible foil allowing the tension and compression actuators to have dierent
lengths(under applied voltage). Additionally, the foil is intended to prevent the
actuators from bending apart and breaking during regular handling. Macor caps
are glued onto both ends of the actuators, to distribute the force homogeneously.
The Macor caps are tapered so that when the heat shrink will shrink around the
taper, it will likely block any line of sight to the contact pads of the actuators.
Piezoelectric actuators are brittle, therefore requiring careful handling. In order
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Figure 5.0.8: Loading the uniaxial pressure cell.
a : Photograph demonstrating the setup used for loading. It is
needed to hang the cell vertically to ensure that the loading plates
are horizontal and to get support while turning the set screw at
the nal step.
b : A plot showing the relationship between the force generated
by the compression springs and the change in height of the stack
of springs that can be measured with a calipers while loading the
cell. Cooling down to cryogenic temperatures results in further
compression of the springs, which needs to be taken into account
while setting the preload. Inset: Zoomed view of the stack of
springs. Two disc springs in parallel (as shown) can generate a
force of up to 8001000 N. For lower force, the disc springs can
be installed in another orientation.
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Figure 5.0.9: a : Guide piece for joining the actuators along their length, using
epoxy. It consists of slots where the actuators t and stay well
separated as the epoxy cures.
b : Electrical connections between the actuators. We used teon-
insulated wires here.
to avoid introducing torques and lateral forces or mechanical shocks, several guide
pieces were designed for the whole assembly process of the uniaxial pressure cell.
Fig. 5.0.9(a) shows one such guide piece used for epoxying the actuators along their
length. The piezo actuators used in this cell have dimensions 7×7×36 mm. Two
of them were epoxied and joined electrically3, to get a 72 mm long actuator. A
set of four 72 mm long piezo actuators were used (in total) per piezo cartridge set.
During multiple steps of epoxy curing(involving cap plate, macor caps, actuators
themselves), great care has to be taken as the epoxy is not intended to wick onto
the surface of the actuators. There are slits cut into the sides of the actuators for
stress relief. These slits are not to be lled with epoxy as that will restrict the
expansion of the actuators which might result in breaking them prematurely. The
electrical connections between the actuators are shown in Fig. 5.0.9(b), that are
arranged diagonally for the purpose of temperature compensation. Actuators in
opposite corners are shorted together and the contacts are rotated by 90◦ relative
to each other for space eciency.
Operational limits This uniaxial pressure cell contains mechanical contacts which
transmit compressive but not tensile loads. The actuator cartridge is held in place
by the preload force alone, without any adhesive. At the lower end, the actuators
mate with the rest of the cell through stubs(on top of the transmission column
which is shown in Fig. 5.0.7(a)) tting into holes in the lower macor end caps. The
3We used uninsulated copper wires to make the electrical connections across each pair of actuators.
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stubs are intended to make sure that the actuator cartridge mates with the frame
properly. At the limits of the range of operation, either pair of actuators come out
of mechanical contact. This mating feature is expected to enhance the durability of
the actuators by preventing any of them from coming under a tensile load, which
they are not designed to withstand[PICa]. The interfaces also serve as limiters on
the force that the generator can apply, see Fig. 5.0.7(b). When the load on the
compression actuators falls to zero by driving Vt strongly positive compared to Vc,
the interface under the compression actuators [labelled `mechanical contact B'] opens
and the load on the sample cannot switch to tensile. Conversely, when the load on
the sample reaches the full preload, the interface under the tension actuators opens
(`mechanical contact A'), and the force on the sample doesn't increase.
With this pressure cell only compressive strain can therefore be applied to the sam-
ple. It is certainly useful to have the option of applying both compressive and tensile
loads, especially for systems like Sr2RuO4 where strain induced phenomena such as
the strong increase in Tc is expected to occur under tension as well. In practice, stress
concentrates around surface defects, and under tension most samples are found to
break at stresses well below their intrinsic strength[Bro15, Bar17]. In the experiment
with the prototype, we estimated the zero force position using the second moment
of internal eld distribution, see section 6.0.1. However, in practice giving up the
ability to apply tensile loads allows a straightforward in-situ zero-force calibration
of the force sensors, that are present in the sample holder. The force sensors can
also be calibrated in advance of the beamtime, however they are susceptible to drift
and temperature that introduces uncertainty, making it essential to have calibration
during experiment[HBY+14, Bro15]. During application of high strains, the epoxy
can also deform non-elastically (`slipping') which might lead to an additional oset,
hence it is especially important to check the zero-force calibration, for a reliable
estimation of the absolute value of strain. The precision of zero-force calibration
gets limited by the spring constants of the exures, that are present in dierent
parts of the cell. The spring constant of the exures in the generator is 0.18 N/mm,
and of the exures in the holder is 0.14 N/mm. (Both values are obtained from
simulation.) If there is a dierential thermal contraction between the sample and
titanium of the holder, that will apply displacement to these exures, resulting in a
force on the sample. For example, a 10 µm thermal displacement results in a 3 N
force on the sample.
5.0.3.3 Analysis
The performance of a piezoelectric-driven stress apparatus can be characterized by
two quantities. One is the maximum displacement that can be applied to a sample
of zero spring constant, known as zero-load maximum displacement. Note that this
displacement is generated by the actuators within the voltage limits that is chosen.
The second quantity is the force that can be applied to a sample of innite spring
constant, known as the zero-displacement maximum force. If we had a sample which
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Figure 5.0.10: Basic model of a piezoelectric-driven uniaxial pressure cell.
is innitely sti, the displacement generated by the actuators will deform the cell
rather than the sample. The pressure cell can be modelled as an ideal actuator,
which generates a specied displacement irrespective of the resisting force, in series
with a spring having the internal spring constant of the cell. Such a conceptual
diagram is illustrated in Fig. 5.0.10.
The actuators have a Young's modulus of 40 GPa, determined from their room-
temperature specications [PI15]. The dimensions of the actuators are 7 × 7 ×
72 mm[PI15], yielding a spring constant of ∼27 N/µm for each individual actuator.
The spring constants of other elements of the cell were estimated through nite
element analysis, results are shown in Fig. 5.0.7(b). The spring constant of the cell
can be estimated by combining all the elements:
kcell
−1 = (kactuator + kspring)
−1 + kactuator
−1 + ktrans
−1 + kholder
−1,
where kactuator = 54 N/µm is the spring constant of each pair of actuators, ktrans =
50 N/µm is that of the transmission column, kholder = 35 N/µm is that of the holder,
and kspring = 0.3 N/µm is the spring constant of the preload spring. This expression
gives us kcell ≈ 12 N/µm.
According to Fig. 5.0.1 at 1.5 K and−300 V the strain in the actuators is∼ −7 · 10−4,
and at +400 V, +8 · 10−4. Which means a maximum voltage of −300 V on the
tension actuators and +400 V on the compression actuators would generate a a
maximum displacement of 108 µm. This is the zero-load maximum displacement,
and it is a soft maximum because higher voltages can be applied, with gradually
increasing risk of fracture in the actuators. The zero-displacement maximum force is
therefore ∼ 108 µm × 12 N/µm = 1300 N. Since this maximum exceeds the preload,
in reality mechanical contact A in Fig. 5.0.7(b) would open before this force value
is achieved.
Note that the preload force increases as the cell is cooled from room temperature.
With cooling to cryogenic temperatures, the actuators lengthen by ≈0.1% [SW87],
and the frame of the generator contracts by ∼0.15%[Eki06], giving a thermal dis-
placement of ≈ 180 µm. The spring constant of the preload spring is selected such
that under this additional compression the preload does not increase too much; here,
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copper 
adapters
spacer ring
Figure 5.0.11: A photograph of the uniaxial pressurecell(rst iteration), at-
tached to the cold nger of the 3He cryostat of Dolly spectrom-
eter at Swiss Muon source. The brass ring is intended to act
as a spacer between the pressure cell and the walls of the IVC.
Inset: side view of the Copper adapters that are used to attach
the cell with the cold nger.
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the increase is ≈ 60 N. In addition, the elastic moduli of the material of the preload
spring (beryllium copper) will increase with cooling, further increasing the preload.
This should be taken into consideration while setting the preload before attaching
the cell into the cryostat.
5.0.3.4 Reaching base temperature
Temperature tests were performed at the Dolly spectrometer of Swiss Muon source,
to conrm that the pressure cell ts properly within the IVC of the 3He cryostat
and consequently to check the base temperature that we could expect to reach in
the µSR experiments using our uniaxial pressure cell. Suboptimal thermal linking
would result in a temperature gradient between the sensor of the 3He pot and the
sample that are ∼30 cm apart (along the length of the insert). Therefore, one of
the crucial tasks was to minimize this gradient, that too in a time restricted facility
experiment.
The pressure cell gets attached to the cold nger with three copper adaptors, which
centres the cell on the insert. The cell is expected to be centred further in the
IVC by the brass spacer ring with an outer diameter of 24.5 mm, see Fig. 5.0.11.
This ring is suspended in place using Kevlar bres. Since the insert is not exactly
straight, the Kevlar threads on the spacer are intended to be strong enough so that
the insert gets bent and thereby centre everything on the IVC.
The results of the temperature tests are shown in Fig. 5.0.12. In all of the plots the
blue line represents the temperature of the 3He pot and dark red line indicates the
temperature value as it was recorded by the additional RuO2 sensor installed for
test measurements. The temperature values are plotted in the Y axis, with respect
to the measurement time in the X axis. The results are summarized:
 The typical base temperature(at the 3He pot) of the Heliox cryostat at Dolly
spectrometer for conventional µSR experiments, is ∼0.28 K, as shown in
Fig. 5.0.12(a). For this measurement the RuO2 sensor was attached on the
copper adapters of the pressure cell, but the cell itself was not attached.
 When the pressure cell was attached without the sample holder, the tempera-
ture of the 3He pot rose to 0.32 K, see Fig. 5.0.12(b). It was accompanied by
a base temperature of 0.55 K as recorded by the RuO2 sensor sitting at the
bottom of the cell. From this measurements it is evident that there is constant
heat load due to the presence of the pressure cell.
 Furthermore, by adding the high voltage cables(which will be necessary for the
piezoelectric actuators) base temperature of the pressure cell was increased to
0.65 K, as plotted in Fig. 5.0.12(c).
For the last two cases, a possible source of heat input could have been present: the
wiring for the RuO2 sensor was done in a way that the cables were touching the
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Figure 5.0.12: Temperature tests. Varying congurations were used at the
3He cryostat of Dolly spectrometer at Swiss Muon source.
a: Without uniaxial pressure cell and without the high voltage
cables installed.
b: With uniaxial pressure cell installed, only the generator and
without the sample holder. No high voltage cables were in-
stalled.
c: Both the uniaxial pressure cell(only the generator and with-
out the sample holder) and high voltage cables installed.
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brass spacer ring shown in Fig. 5.0.11. If those wires did touch the IVC that is likely
to produce extra heating.
Based on the results of the temperature tests, we decided to exclude the brass ring
during our µSR experiments, to minimize the possibility of any touch. Having
installed the complete pressure cell i.e. (generator and sample holder combined)
and all electrical connections, the lowest temperature of ∼0.71 K was reached at
the Sr2RuO4 sample 3 during µSR experiments, see Fig. 5.0.13(a). Temperature as
recorded by a sensor at the sample holder is plotted with respect to the temperature
of the sensor at the 3He pot. These two temperatures have the largest dierence
at the base temperature where it gets crucial to have a proper thermalization of
the pressure cell- maximum cooling power is needed, but the dierence starts to
decrease as we go towards higher temperature, nearly vanishing ∼ 2 K. Symbols
of dierent colour indicate measurements of sample 3, at dierent uniaxial pressure
points presented in Fig. 5.0.26. The lowest base temperature was reached at the
stress value of -0.43 GPa. Measurement at zero stress and -0.28 GPa were done at a
stretch and then after a gap of few days, measurements at -0.43 GPa were performed.
While reattaching the cell, careful alignment was done every time which resulted in
the discrepancy between the base temperature values as shown in Fig. 5.0.13(a). For
measuring the sample temperature, we use a calibrated Cernox sensor at the sample
holder, for all samples. Fig. 5.0.13(b) shows photograph of a Sr2RuO4 sample holder,
with a typical view from the beam direction.
Despite the removal of the brass ring, a temperature lower than 0.71 K could not be
reached in our setup, with the rst iteration of the uniaxial pressure cell. Whereas
the expected lower limit of temperature in the 3He cryostat would be around 0.39
K (Tc of titanium). The possible sources could have been:
 Heat transfer from high voltage cables as it is already visible from Fig. 5.0.12(c).
 Possible touch with Heliox IVC. If the alignment of the cell is not accurate,
it is likely to result in a touch somewhere in the IVC that would result in a
higher base temperature.
 Heat load from the cell itself, as it's already seen in Fig. 5.0.12(b).
It is worth mentioning here, even more extensive temperature tests couldn't be
repeated during the muon beamtime for valid reasons. It is a facility experiment,
which means our measurement time is very limited and we want to be able to use
that for measuring µSR.
For the following year's µSR under uniaxial pressure experiments, considerable eort
was given by our collaborators from the bulk µSR group at Paul Scherrer Institute, in
order to reach lower base temperature at the sample position. The main modication
being, enlarging the inner vacuum space to completely rule out the possibility of any
touch between the pressure cell and the IVC walls. For that purpose, a new tail
was designed, with a inner diameter of 29 mm at the IVC, in comparison to 25.5
mm in the former case. With the new cryostat conguration+second iteration of
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Figure 5.0.13: a: Sample temperature vs. temperature of the 3He pot. Colours
indicate measurements at dierent strain values for the same
sample. This data corresponds Sr2RuO4 sample 3.
b: A typical view of the sample region from the muon direction.
The beam diameter is ∼1 cm. An additional calibrated temper-
ature sensor is used to check the sample temperature.
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Figure 5.0.14: Reaching the base temperature.
a: Sample temperature vs. temperature of the 3He pot, with
the uniaxial pressure cell installed in a wider IVC.
b: The copper foil used for better thermal conduction along
the length of the pressure cell. It was attached at the top and
bottom using screws.
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the uniaxial pressure cell, a base temperature of 0.43 K was reached at the sample
space, see Fig. 5.0.14(a). Whereas ideally a wider IVC might have been enough to
result in a lower base temperature at the sample, we introduced a few additional
steps.
The frame of the force generator is fabricated from commercially pure titanium(grade
4). The exures are fabricated from the alloy Ti0.90V0.04Al0.06, which has a higher
elastic limit. Despite its rigidity, we avoid using this material extensively as it has
a higher superconducting critical temperature (3.5 K) and much poorer thermal
conductivity than commercially pure titanium, which itself is not a good conductor.
To enhance thermal conduction in the Ti frame of the uniaxial pressure cell, 0.1
mm-thick Ag foils are epoxied onto the inner side of the struts during assembly. An
additional copper foil (Oxygen free) was axed along the length of the cell, all the
way starting from the copper adapters down to the sample holder. At both ends,
the foil was attached with screws; additionally ample amount of conductive grease
(Apiezon N) was used at the joining points. Fig. 5.0.14(b) shows the arrangement
with the copper foil.
For all of our measurements, there is a Cernox temperature sensor attached to the
sample holder. The resistance of the sensor increases strongly while lowering the
temperature, increasing its heating power. It is important to keep the heating power
as low as possible by choosing a proper resistance range. For example it was observed
that a change in the resistance from 100 kΩ to 10 kΩ results in a change in the base
temperature from 0.44 K to 0.53 K. Therefore:
(1) While cooling down from room temperature, it is advisable to choose the auto
range option in the resistance of the temperature sensor.
(2) After reaching base temperature, the excitation current should be chosen as low
as possible. In other words, the resistance should be chosen as high as 100 kΩ.
5.0.3.5 Electrical connections
In the rst iteration of the uniaxial pressure cell, all the low voltage electrical con-
nections were carried out by a cryogenic woven loom having 12 twisted pairs of
BeCu wire[cry]. On top end this loom gets attached to a 25 way panel mount
D-sub connector. This socket style female connector that gets attached to the pres-
sure cell, mates with the plug style male connector that is installed in the cryostat.
Fig. 5.0.15(a) shows a photograph of the uniaxial pressure cell mounted to the 3He
cryostat cold nger of the Dolly spectrometer at PSI. At the bottom end of the
woven loom, electrical connections to the sample holder, such as force sensing strain
gauges were initially proposed to go via a compact 16-pin electrical connector, at-
tached to the generator frame. Additional connections such as the connections to
the temperature sensor on sample holder was proposed to be carried by another
compact 10-pin connector. Fig. 5.0.15(b) and (c) show photographs of the loom
ends during preparation. At the top end, after soldering the wires to the D-sub
connector, we cover it using epoxy layers. At the bottom end, in addition to the
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compact connectors, there are 12 contact pads axed to the connector plate for
convenience in the soldering procedure. For a few electrical connections a single
wire from the loom gets joined to two wires going to the displacement sensors, and
this can be achieved easily by using one of the contact pads as a base.
In practice the sustainability of the electrical connections involving the compact 16
pin and 10 pin board-to-board connectors was subject to test. Apart from the prac-
tical challenges (for example: soldering the ∼2 cm of wires coming out of the loom
without introducing any undesired electrical contact within the limited space) it was
doubted whether the soldering on the SMD contacts will be tampered even within
one set of experiment. Since muon beamtime is precious, reliability of electrical
connection was of great importance and hence alternative ideas were needed to be
explored.
Printed circuit board Felix Brückner, a fellow student and group member, pro-
posed to use a printed circuit board(PCB) containing proper solder pads for each
connection. Board-to-board connectors can further be installed on both the comple-
mentary header and socket versions of the PCB, in order to avoid overloading the
solder pads. The PCB-s were designed by him, and manufactured by Electronics
department at TU Dresden. Fig. 5.0.16(a) shows a photograph of the PCB(socket)
that was installed on the force generator part of the pressure cell using screws. It
is made of FR-4, a glass-reinforced epoxy laminate material. The complementary
PCB(header) belongs to the sample holder, as shown in Fig. 5.0.16(b) and it car-
ries the electrical connections that are exclusive to the sample holder such as force
sensors, temperature sensor etc. Fig. 5.0.16(c) shows the electrical conguration as
the cell gets mounted onto the cryostat, the PCB-s mate with each other via the
miniature connectors. The mating of the miniature board-to-board connectors in
turn establishes the electrical connections starting from the sample holder upto the
D-sub connector installed in the cryostat, via the woven loom. A zoomed view of
the PCB(header) is shown at Fig. 5.0.16(d). The small soldering pads for the board
to board connectors are covered with solder in this photograph. Both the small
and the big soldering pads consist of Copper with a thin anti-corrosion layer of tin.
The copper traces connecting the small and big soldering pads appear to be brown
because of the insulation layer.
While the inclusion of the PCB-s made the set-up more user-friendly, further im-
provements were needed on the electrical connection sector. In practice, the woven
loom was found to result in added uncertainties while performing time-restricted
µSR experiments. The loom gets epoxied at several places along the length of the
pressure cell. On the one hand we want to have enough excess length for the loom
to reach the PCB at the generator. On the other hand, we want the loom to remain
at under tension, and not to develop any kink from a bend. These considerations
demand a precise judgement of the loom's length during preparation, failing which
can result in a touch with the IVC for example. Fig. 5.0.16(a) shows the xed point
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Figure 5.0.15: Electrical connection arrangement with the woven loom for the
rst iteration of the uniaxial pressure cell.
a: Photograph of the uniaxial pressure cell, attached to the
Dolly spectrometer cryostat. This photograph captures the side
that is not visible in Fig. 5.0.11.
b: The top end of the woven loom during preparation. After
soldering, the joints are covered with epoxy for electrical insula-
tion.
c: Proposed connections at the bottom end of the woven loom.
Board to board connectors(compact 16 pin and 10 pin) and sol-
der pads are installed on top of a Ti plate, that is attached to
the generator.
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Figure 5.0.16: Photographs showing the electrical connection arrangement with
the PCB for the rst iteration of the uniaxial pressure cell.
a: PCB(socket) that is attached to the generator using screws.
b: PCB(header) that belongs to the sample holder and mates
with the PCB(socket) at the generator.
c: The nal electrical conguration, before inserting the pressure
cell inside the cryostat. Only the lower part of the cell is shown.
d: Zoomed view of the miniature connector attached to the
PCB(header). Soldering pads for the connector is covered with
solder.
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Figure 5.0.17: Photograph showing the top end of the woven loom.
a: The xed point of the woven loom near the top end, during
assembly. The brace wires get epoxied to the spring.
b: The breakage of electrical connections after careful trans-
portation.
near the bottom end. At the top end, the loom is tensioned by a spring plate shown
in Fig. 5.0.17(a). This spring ensures that the loom remains taut (and does not
touch the IVC) at all temperatures with approximately constant tension irrespec-
tive of dierential thermal contraction between the frame of the pressure cell and the
loom. The loom gets epoxied to the loom tensioner. The brace wires are intended
to loosely hold the loom, such that it does not rub against the IVC.
Limitations in the available space within the IVC of the 3He cryostat conguration
has been one of the main technical concerns, especially while dealing with the woven
loom + D-sub connector conguration. The total working distance between 3He pot
and the top part of the uniaxial pressure cell is 32.5 mm. It is not advisable to
perform any modication to the male D-sub connector that is belonging to the
insert and one needs to preserve some space allowing the bending of the loom. The
length of the female D-sub connector might vary slightly depending on the thickness
of the epoxy layer covering the connections. Therefore in order to gain some height,
the strenuous yet straightforward way was to grind down the top part of the loom
tensioning spring. Altogether tting the loom+ D-sub connectors within the insert
demanded considerable amount of eort, which is undesired especially in a time
restricted experiment like µSR.
Additionally, the connections between the loom and the D-sub connector turned out
to be not sturdy enough. Despite careful handling, a few connections were found
to be broken after transportation, as shown in Fig. 5.0.17(b). Since we cover the
connections with epoxy layers after soldering, this tampering in principle demanded
a complete replacement of the D-sub connector and consequently redoing the con-
nections.
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Flexible printed circuit board The experiential learning while dealing with the
woven loom led us to the idea of searching for a substitute. In the second iteration
of the uniaxial pressure cell, the woven loom + PCB conguration was replaced by a
exible PCB. Fig. 5.0.18(a) shows a photograph of the uniaxial pressure cell with the
exible PCB installed, that carries all the low voltage electrical connections in the
set-up. For all iterations of the uniaxial pressure cell, the high voltage connections
were carried out separately by dedicated Phosphor bronze cables having Kapton
insulation. Separate vacuum feedthroughs were installed in order to prevent arcing.
After the exible PCB is supplied from the manufacturer [PCB], the preparation
includes several steps demanding careful handling. This time, a separate (through
hole) D-sub connector was chosen. The top part of the exible PCB contains holes
through which the pins of the D-sub connector pass. To electrically connect the
exible PCB with the D-sub connector, we have used uninsulated copper wires.
While doing so, one needs to make sure that two neighbouring connections are
not joined by any means. Fig. 5.0.18(b) shows the top part of the exible PCB.
The brown layer is Polyimide, and the orange traces are insulated copper. This
photograph demonstrates one of the crucial improvements over the woven loom(see
Fig. 5.0.15(b)), where the sustainability of the electrical connections were found to
be delicate at this joining with the D-sub connector(see Fig. 5.0.17(b)).
The sub-D connector pins were ground down carefully to an optimal height and were
covered with epoxy layers thereafter. In order to gain stability a breglass plate was
axed to the lower end of the exible PCB using a very thin layer of epoxy. Board
to board connectors were soldered on the lower part of the exible PCB along with
the header. In the rst version of PCB shown in Fig. 5.0.16, the board-to-board
connectors turned out to be rather delicate in practice. Repeated attaching and
detaching of the header and the socket during muon beam time resulted in unstable
connections. Therefore in case of the exible PCB, a dierent set of board to board
connectors were chosen, which had 2 connections for each signal to prevent loose
contacts, thereby oering an enhanced rigidity overall. Fig. 5.0.18(c) demonstrates
the exibility of the PCBs, attached to two identical versions of the uniaxial pressure
cell. According to the manufacturer, the exible PCB has a bending radius of ∼3
mm. In our experiments, we found out that it also survives bending radius of less
then 1 mm. While designing the exible PCB, judging the proper length was also
important, however, with the brass ring detached, we could allow a bit of extra
length to be present near the bottom end.
In order to have the exible PCB lying at along the length of the pressure cell, at the
same time having some freedom to be bent- it was epoxied at several places(marked
with white colour as guide to the eye) as shown in Fig. 5.0.18(a). This was done
carefully, one step at a time. It is advisable to start from the bottom as there
we are more restricted with the positioning of the PCB. To pull the PCB gently
from bottom so that it stays taut while epoxy gets cured, the lower end of the
PCB can be tied (using the holes both in the PCB and in the lower part of the
generator) using a thread. In the exible PCB, we have soldering pads of varying
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Figure 5.0.18: Photographs showing the latest electrical connection arrange-
ment of the uniaxial pressure cell, with the exible PCB.
a: The uniaxial pressure cell, attached to the Dolly spectrom-
eter cryostat with the exible PCB installed. White coloured
portions denote the points where it was epoxied to the genera-
tor.
b: Attachment of the top end of the exible PCB and the D-sub
connector.
c: A photograph demonstrating the exibility of the PCB-s, in
comparison to the woven loom.
d: Zoomed view of the lower end of the exible PCB, it is epox-
ied on top of a berglass plate and then attached with the cell's
frame using screws.
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sizes as shown in Fig. 5.0.18(d). The larger pads are meant for the displacement
sensors, that are axed to the generator of the pressure cell. The displacement
sensors get connected by a Wheatstone bridge conguration for the purpose of our
measurements. In order to avoid congestion in the soldering pads as it was the case
for the rst generation shown in Fig. 5.0.16(a), the traces of the exible PCB were
designed in a way such that the larger soldering pads were already connected in a
Wheatstone bridge conguration by themselves. And that resulted in much simpler
wiring corresponding to the displacement sensors, thereby enhancing the stability of
the electrical connections. The cage like copper traces are without any connections,
they are intended to add rigidity to the structure.
A test laboratory was set up in TU Dresden, to check the technicalities of the uniaxial
pressure cell prior to the beam time. This test measurements were performed in a
4He ow cryostat, having a chamber for exchange gas. We used brass and high
temperature superconductor BSCCO as test samples. By applying voltages(up to
∼500 V) the working condition of the set of piezoelectric actuators and the reliability
of the mechanical connection running down to the sample were checked. The testing
included recording the responses from the force and the displacement sensors using
lock-in ampliers. In order to be able to t the pressure cell in the in-house cryostat,
a custom adapter piece was used to adjust the height of the insert. Additionally, a
customized breakout box was designed for the purpose of this test measurements.
5.0.3.6 Calibration of the force and displacement sensors
In this uniaxial pressure cell, we have both force and displacement sensors based on
commercially available strain gauges. The force sensing strain gauges are axed to
each sample holder using epoxy, and the displacement sensors get attached (using
epoxy and screws) to the exures of the generator module during assembly. The
force sensor on the sample holder serves as a primary sensor of the state of the sample
in real time, and the displacement sensor provides essential qualitative information
on the mechanical state of the sample. For example, a fracture appears as an
increase in displacement accompanied by a decrease in force, making the sensors
complementary.
Each of the sensors consists of four strain gauges, that are connected in a Wheatstone
bridge conguration. Fig. 5.0.19(a) shows schematics of the two sensors, including
electrical connections. The four arms of the bridge circuit are formed by the resis-
tances R1 to R4. The commercially available resistive strain gauges are designed to
convert mechanical motion into an electronic signal such as the change in resistance
is proportional to the strain experienced by the sensor. Measuring the strain re-
quires accurate measurement of very small changes in resistance. To measure such
small changes, Wheatstone bridge conguration is conventionally used, with a volt-
age or current excitation source. Fig. 5.0.19(b) shows the realization of the sensor
network in our uniaxial pressure cell. For both force and displacement sensors, two
of the strain gauges (R2 and R4) experience compressive strain when the sample
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Figure 5.0.19: Conguration of the force and displacement sensors.
a: Schematic of the force and displacement sensor network
present in the sample holder and in the force generator respec-
tively. There are two Wheatstone bridge circuits in this cell.
b: Photographs of the sensor network. Positions of the sensors
are determined from aforementioned nite element simulations.
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gets compressed, and the other two (R1 and R3) come under tensile strain. The two
gauges in tension increase in resistance while the other two decrease, unbalancing
the bridge and producing an output proportional to the displacement.
Force sensor The change in resistance of a single strain gauge is given by
∆R = GRε,
where G is the fundamental parameter of the strain gauge, expressed quantitatively
as the gauge factor(GF). For metallic strain gauges the Gauge Factor is typically
≈2. R is the gauge resistance, we chose R = 350 Ω[Gau]. ε is the strain applied to
the gauge. For strain gauges connected into a bridge as shown in Fig. 5.0.19(a), this
will give
Vout =
1
2
IGR(ε1 − ε2) = αF IF,
where I is the applied current, ε1 is the strain at gauges 1 and 2, and ε2 is the strain
at gauges 3 and 4, αF is the force sensor calibration coecient, having the unit of
Ω/N, and F is the force applied to the sample. In our experiments, this voltage(Vout)
between the two midpoints of the bridge is read via a two-channel lock-in-amplier
in dierential mode. In the idle state of the bridge, the output voltage is usually very
low, it is possible to increase the sensitivity at the lock-in inputs. In comparison to
a single strain gauge, 4 strain gauges connected in this way is capable of detecting
minute changes in resistance corresponding to strain. For example, if we had a
single strain gauge instead and send an excitation current of ∼ 1 mA through it,
the gauge resistance 350 Ω would yield an output of 350 mV. Now after applying
uniaxial pressure we will get a shift of ∼0.1 Ω, yielding an output of 350.1 mV. In
order to be able to resolve a signal of that sensitivity, we will need to have the lock-in
amplier set to 500 mV. But then it can't resolve the 0.1 mV shift any more. On the
contrary, with a Wheatstone bridge conguration, we look at the voltage dierence
between the two midpoints of the bridge, which results in a signal of the order of
∼0.1 mV while we can have a resolution of sub-µV in the lock-in. In addition to
the enhanced sensitivity, a Wheatstone bridge circuit is expected to deliver better
temperature compensation compared to a single strain gauge, as resistance change
due to temperature variations will be the same for all arms of the bridge.
Ideally the strain sensor is supposed to change its resistance only due to the defor-
mations of the surface to which it is attached. Nevertheless, in practice temperature,
the epoxy bonding the gauge to the surface, other material properties seem to aect
the detected resistance. It is therefore crucial that the strain gauge gets properly
mounted onto the sample holder so that the strain is accurately transferred from
the holder though the epoxy layer. For that purpose a very thin and homogeneous
layer of epoxy is intended while attaching the strain gauges.
The force sensor calibration coecient αF was determined by two independent meth-
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ods. Finite element analysis shown in Fig. 5.0.6(b) gave
ε1 = 9 · 10
−7 N−1, ε2 = −3 · 10−7 N−1
=⇒ αF = 4.2 · 10−4 Ω/N.
The calibration coecient was also determined experimentally by hanging known
weight from the sample holder, at room temperature. A dedicated setup was used
for this, which is designed in a way that it doesn't pressurize the sample itself.
Instead force is applied at points which are expected to give a similar stress prole
to the sample. Fig. 5.0.20(a) shows a photograph of the set up used for calibrating
the force sensors, in a holder containing a sample of Sr2RuO4. It is preferable to
refrain from applying pressure to the samples at room temperature,in order to avoid
having plastic deformation. Additionally, this set-up oers the exibility to perform
the force calibration before or after the µSR measurements as it is not dependent
on the presence of the sample in the holder.
The calibration obtained with this setup is shown in Fig. 5.0.20(b). We hung dier-
ent weight values upto a maximum 1 kg during the calibration. Each force sensor
reading with load was calculated by subtracting the average of the zero-load read-
ings taken before and after it. This way, we took into account the drift resulting
from our measurement procedure. For calculating both the force and displacement
related calibration coecients, the important variable in our set-up is the current
through the Wheatstone bridge, rather than excitation voltage. This is due to the
fact that the former takes into account the total resistance in the network which
includes resistances on the leads to the bridge for example. For the force calibration
set up which was performed in-house, we had a current∼1 mA through the bridge,
thereby the calibration coecient turns out to be αF = 4.6±1 · 10−4 Ω/N . Between
300 K and T → 0 the Young's modulus of titanium increases by 14±1%[Eki06]. By
neglecting the changes in the gauge factor G, we get a reduced αF = 4.0 · 10−4 Ω/N
at cryogenic temperature. The force values reported in this chapter are calculated
using this value of αF . The stress in the sample can be obtained from force divided
by sample cross-sectional area. However, in practice strain application often causes
sample fracture, altering the prole and consequently dimensions of the sample. In
case of Sr2RuO4, we have therefore used the known stress dependence of Tc, in order
to calculate the stress values mentioned in the next chapter.
Displacement sensor One can perform the force calibration process several times
for dierent sample holders, to check for the reproducibility which might vary de-
pending on the thickness of the epoxy layers used to ax the strain gauges. The
displacement sensor is axed to the force generator part of the uniaxial pressure cell
and therefore needs to be calibrated only once. We used a Michelson interferometer
set-up which is shown in Fig. 5.0.21(a). A diode pump solid state laser was used as
the source (λ= 532 nm). A beam splitter and two mirrors were attached on the sam-
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Figure 5.0.20: Calibration of the force sensor.
a: Dedicated set-up used for calibrating force-sensing strain
gauges at room temperature. A known weight is applied to the
sample holder, at a location closely simulating the load from the
sample.
b: Response from the force sensor with respect to applied load.
The measurement was performed twice, for each force values.
The black data points were measured with the decreasing order
of force and the red one with increasing order of applied force.
The line indicates t to the data.
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ple holder. One of the mirrors were attached to the movable portion of the holder,
that is mechanically connected to the transmission column shown in Fig. 5.0.7(a).
The interference pattern incident on the screen is recorded by a camera. With
the application of voltage in the piezoelectric actuators, the movable portion of the
holder shifts by a few µm, thereby moving the mirror sitting on top of it. As a
result, the optical path dierence as well as the phase dierence between the rec-
onciling waves will change, which is visible as a movement of the sinusoidal pattern
on the screen. Fig. 5.0.21(b) shows the linear dependence of the response from the
displacement sensor that are attached on the uniaxial pressure cell vs. the measured
optical displacement. The rst one is measured by by Lock-ins and the second one
by using the interferometer. The linearity conrms that the optical displacement
sensor is in line with the displacement sensors attached to the uniaxial pressure cell.
The current through the bridge was ∼2.5 mA for this measurements. We obtained
a calibration coecient αD = 5.7 · 10−3 Ω/µm at room temperature, using an empty
sample holder shown at the inset. αD is not aected by the ∼10% enhancement of
the elastic constant of Ti since the displacement-sensing strain gauges are attached
to a set of exures(see Fig. 5.0.19) whose deformation depends on the applied dis-
placement rather than the elastic moduli. Therefore it is not expected to change
strongly with temperature. Fig. 5.0.21(c) shows that the displacement generated
under uniaxial pressure is not perfectly linear with respect to the voltages applied
to the piezoelectric actuators and hence sensors(force and displacement) are needed
for a reliable estimation of strain. The displacement sensor is primarily intended
to monitor any damage to the sample and/or epoxy layers with increasing applied
stress. However, it can also be used for low-precision estimates of the sample strain
within its elastic limit. If deformation of the epoxy and of the portions of the sample
embedded in the epoxy are neglected, the strain in the sample becomes Dsam/lexp,
where Dsam is the displacement applied to the sample and lexp is the strained length
of the sample as introduced in Eq. 5.1. However in practice, epoxy deformation is
usually not negligible. Fractures of the epoxy layers do occur, often during applica-
tion of high strain which leads to a change of lexp, therefore this quantity represents
an upper bound on the strain in the sample. The displacement D measured at the
displacement sensor is given by
Dsam = D − F/kdisp,
where kdisp is the spring constant of all mechanical elements between the anchor
points of the displacement sensor and the sample. To obtain Dsam, we used the
same interferometer with a holder containing Sr2RuO4 sample 2. F and D were
determined simultaneously from the displacement and force sensors, using the above-
mentioned conversion constants. We obtained kdisp = 27 N/µm, which is slightly
lower than the spring constant of the sample holder alone 35 N/µm, as expected. It
should also be possible to extract Dsam through nite element simulation of the cell,
sample and the epoxy. Eorts made along this direction are found to be restricted
by uncertainties in the mechanical properties of the epoxy itself, as well as the
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Figure 5.0.21: Calibration of the displacement sensor.
a: Michelson interferometer set-up used for calibrating
displacement-sensing strain gauges at room temperature. Inset:
A photograph of the empty sample holder used for calibration.
b: Response from the displacement sensor as recorded by a lock-
in amplier vs. displacement recorded by the optical interferom-
eter.
c: Response from the displacement sensor as recorded by the
optical interferometer with respect to applied voltage.
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precise epoxy conguration achieved from sample to sample. Additionally, for µSR
we use samples having high width-to-length ratio in comparison to typical uniaxial
stress measurements, which is expected to result in higher stress inhomogeneity.
Therefore, while the (complementary) combination of force and displacement sensors
allow us to look at broad features in the stress-strain relationship of samples, this
uniaxial pressure cell is not optimized for high-precision measurement of stress-strain
relationships.
5.0.3.7 Results
In this section, capabilities of the pressure cell will be demonstrated. These data
were recorded over the course of µSR measurements on the πE1 beamline at the
Paul Scherrer Institute. The samples were inserted into the uniaxial pressure cell
and cooled with (Vc, Vt ) = (0,0) V, where Vc and Vt are respectively the voltages
on the compression and tension actuators.
Operational limits Even though the sample is mounted without any applied volt-
age at room temperature, by the time the cell is cooled down to cryogenic temper-
atures the sample is usually found to face modest compression. This is in contrast
to our expectations that the identical thermal contractions of the compression and
tension actuators will result in a load on the sample close to zero. There is an
asymmetry in the actuators: when the force on the sample is low, the preload force
is carried dominantly by the tension actuators. It might be the case that while
cooling under this compressive load the tension actuators contract slightly more
than the compression actuators, thereby resulting in a modest force to be applied
to the sample. This compression can be released by driving Vt strongly positive
compared to Vc. Both the force and displacement sensors have to be monitored
during the process and near to the real zero force point, the response in either of
the sensors stops changing. Fig. 5.0.22(a) shows the realization of the process. We
kept Vc = 0, and kept ramping up Vt until the readings from these sensors cease
to change. This is the point at which the mechanical contact B(see Fig. 5.0.7(b))
under the compression actuators opens, and the load on the sample reduces to zero.
Due to hysteresis in the actuators, the increasing-Vt and decreasing-Vt curves do
not overlap. In panel (b) the opposite technical limit of the pressure cell is demon-
strated. When the compression actuators are extended suciently with respect to
the tension actuators, the preload force gets fully transferred to the sample, thereby
opening the mechanical contact A under the tension actuators. Consequently the
load on the sample can't be increased further which is again manifested as a cease
of the sensor readings. The data shown in panel (a) and (b) were collected using
two identical pressure cells.
In case of Sr2RuO4, measurement of Tc oers an independent checking for the zero
force point. Fig. 5.0.23 demonstrates such an example, performed on Sr2RuO4
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Figure 5.0.22: Force limits of the cell.
a: The lower limit. D is the displacement measured by the
displacement sensor, and F the force applied to the sample. The
attening of the curves are identied as the zero-force point.
This is where the mechanical contact B opens(see Fig. 5.0.7(b)).
b: The upper limit. Here the preload springs were compressed
only to ∼600 N rather than the maximum of ∼1000 N. This is
the point where the mechanical contact A opens and the sensor
readings stop changing. Reproduced from [GBN+20].
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sample 1. In this measurement, the zero force position was found to be Vt = +190
V from the sensor readings. It was conrmed by measuring the superconducting
Tc of the sample through diamagnetic susceptibility measurements at intermediate
steps, shown in Fig. 5.0.23(b). At 0 V, the sample is still under ∼80 N compressive
force which results in slightly (∼0.02 K) higher Tc than compared to the zero force
point, where the force on the sample is released. This sample had a cross section
of 3 × 0.3 mm  around 1 mm2.That means 80 N force corresponds to a stress of
about 0.08 GPa applied to the sample. This is about 10% of that stress requited to
reach the Van Hove singularity. Since the known Tc behaviour is roughly quadratic,
we would expect a change by ∼ 2 K × (10%)2 ≈ 20 mK.
Strain measurements In this section I will be showing force vs. displacement
curves as collected in real-time on several samples. The sample preparation proce-
dure was carried out mainly at Max Planck Institute of Chemical Physics of Solids
under the supervision of Cliord Hicks. I contributed in orienting some of the sam-
ples using a Laue diractometer, cutting the samples using a wire saw, polishing
them down to their nal size. The Sr2RuO4 single crystals were grown by a oat-
ing zone method [BKM+19]. The crystals grow along an in-plane direction, and to
obtain suciently long samples for µSR measurements under uniaxial pressure we
were obliged to choose samples that happened to grow nearly along a ⟨100⟩ direction.
Phase purity and crystalline quality of the crystals were examined and alignment of
the in-plane axes were determined using X-ray Laue diraction measurements. For
cutting, the aligned samples were mounted on a goniometer. We used a wire saw
to cut the sample along the desired direction. For µSR samples, we used 30 µm
diameter wire and a cutting slurry that is a mixture of glycerine and silicon carbide
powder. The sample preparation method nishes with manual polishing, to bring
the samples to their nal dimensions. Although with µSR technique, we are not
concentrating on the sample surfaces- we still needed to polish them to some extent,
mainly to smoothen the surface defects. While under uniaxial pressure, these de-
fects, around which the stress concentrates- can cause earlier breakage of the sample.
While polishing a thin sample is a careful process by itself, accuracy in cutting and
polishing is desired in order to reach high strain.
Reaching high stress Fig. 5.0.25(a) shows results from Sr2RuO4 sample 2 having
a cross section of ∼ 3.1 × 0.31 mm2. We note that the displacement(plotted in
X axis) is recorded by the sensor, which gets distributed to the sample+ epoxy
conguration thereafter. This sample performed ideally : force applied to the sample
was driven over the full range available from the uniaxial pressure cell without
any signs of fracture in the sample or epoxy layers. In order to reach the highest
possible uniaxial pressure without fracturing the sample, a few additional steps were
introduced during mounting:
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Figure 5.0.23: Independent checking of the zero force point on Sr2RuO4 sample
1. a: The force sensor reading stops to change when the zero
force position is reached. b: The superconducting Tc varies by
∼20 mK with the application of a force slightly below 80 N,
agreeing with the published data.
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Figure 5.0.24: Modied experimental set-up for the samples where we targeted
to reach high stress. Chamfers are introduced.
 Sr2RuO4 cleave easily along the ab-plane. For our experiment we want to
apply uniaxial pressure along ⟨100⟩, which means the length of the sample
needs to be along the a/b direction of the tetragonal lattice. The sample was
polished at a 10◦ angle from the ab planes, so that shear stress in the ends of
the sample would not be aligned with the ab planes. This is crucial as here we
opt for force transmission to the sample via shear stress applied through the
epoxy layer to the sides of the sample.
 As a substitute to the tapering of the sample plates shown in Fig. 5.0.2, cham-
fers were cut into the sample holder. The chamfers shown in Fig. 5.0.24 are
intended to spread out the stress within the epoxy, thereby reducing peak
stress value within the epoxy and at the sample-epoxy interface.
 We axed 10 µm-thick titanium foils to the sample surface, by using epoxy.4
These foils are intended primarily to reduce stress concentration at surface
defects. Additionally, they are expected to oer stability by holding pieces of
the sample together should small pieces break o under large uniaxial pressure.
However, eectiveness of these steps has not been tested individually
In order to compress samples by a large amount, we usually combine positive volt-
age applied to the compression actuators with negative voltage applied to the ten-
sion actuators. Multiple ramps of the force applied to the sample is illustrated in
Fig. 5.0.25(a), which is caused by the ramping of the voltages applied to the piezo-
electric actuators. The actuator voltages were always ramped at temperatures below
10 K. Within each of such ramps, the force vs. displacement curve is found to be a
straight line. We would expect to see this straight line in agreement with Hooke's
law, as long as the sample and the epoxy conguration stay in their elastic limits.
For example, a minor rupture in the epoxy would be registered as an increase in the
displacement at a constant force value whereas a more serious damage in the sample
4Stycast®1266.
106
and/or epoxy conguration results in a slope change, gradually increasing shift of
the force vs. displacement curve with respect to the starting line. In the rst ramp
we started out at Vc, Vt = 0 V and went to the zero force point. For this measure-
ments, the sample was found to be compressed by a load of ∼130 N due to cooling.
Thereafter we explored steadily higher compressive forces. The initial and later force
vs. displacement curves are seen to follow two distinct lines. After the sixth ramp,
a temperature spike of ∼ 12 K occurred and the applied force was found to decrease
as shown in Fig. 5.0.25(b). Here the readings from both the force and displacement
sensors along with the temperature sensors(in the sample holder) are plotted with
respect to time, when the unforeseen changes occurred. The temperature is seen to
start climbing precisely at the same time when small (spike-like) anomalies starts
appearing in the force and displacement sensor readings. We speculate that these
has been caused by a mechanical slip rather than a sample fracture as that would
have caused transitions to a shallower slope of the force vs. displacement curve.
As it appears, something in the pressure cell has slipped under high compressive
load(lying close to the upper limit of the pressure cell), such as the interface to the
piezoelectric actuator cartridge, or the interface between the force generator and the
sample holder. Since the T sensor is attached to the sample holder, it is most likely
some distance away from where the slip occurred, and hence we would not expect
the temperature to reach its peak immediately. Because both of the sensors are sen-
sitive to temperature mismatch across the strain gauge circuits, it is reasonable that
the sensor readings are seen to drift around for a while after this initial spike, while
the pressure cell re-equilibrates itself thermally. The force vs. displacement curves
might have transitioned to a dierent slope after the slip because the current design
of the displacement sensor is not exclusively sensitive to longitudinal displacement,
and therefore also aected by transverse and twisting forces that might have been
modied after the slip occurred.
The sensor readings corresponding to Vc, Vt = 0 V dier substantially at the begin-
ning and end of the experiment, due to the hysteresis in the piezoelectric actuators.
Fig. 5.0.1 shows that the hysteresis becomes substantial when the piezo voltage
exceeds ∼300 V at ∼1.5 K. In practice the strength of hysteresis is know to vary
with the temperature [Pric], such that the hysteresis at 5 K can be larger than that
observed in 1.5 K. We also note that some of the force vs. displacement traces
in Fig. 5.0.25(a) are not connected with each other. It is because every-time after
the voltage ramps were performed, the temperature of the pressure cell was var-
ied at rst for a.c. susceptibility and then for µSR measurements at that pressure
point, and during these temperature changes the piezoelectric actuators have moved
further. Therefore these gaps between the traces reveal an important operational
point: the process of changing the applied voltage to the actuators should always be
performed at the upper end of the temperature range to be explored, as a whole in
the experiment. Because if the actuator voltages are set at a temperature T0, then
for all temperatures below T0 the actuators will continue to hold an approximately
constant position. But when the temperature is raised above T0, the actuators may
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Figure 5.0.25: Strain application on Sr2RuO4 sample 2.
a: Force-displacement traces. The table shows the compression
and tension actuator voltages Vc and Vt at the end of each ramp.
A temperature spike occurred at the high end of the plot. Re-
produced from [GBN+20].
b: Zoomed view of the temperature spike (between ramps #6
and 7), associated with a mechanical slip that seem to have al-
tered the D sensor calibration.
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Figure 5.0.26: Force-displacement traces are shown corresponding to strain ap-
plication on Sr2RuO4 sample 3. The table shows the compres-
sion and tension actuator voltages Vc and Vt at the end of each
ramp. The sample was partially fractured during application of
pressure. Inset: Top view of the sample, before and after mea-
surement. Reproduced from [GBN+20].
move, and if the applied voltage is large they might move in abrupt steps which can
result in fracturing the sample.
At the end of each ramp shown in Fig. 5.0.25(a), diamagnetic susceptibility of the
superconducting Sr2RuO4 was measured using a pair of concentric coils mounted be-
hind the sample (see Appendix). The peak in Tc was reached under a load of 815 N.
This sample is having a cross section of 0.31× 3.1 mm2, therefore stress at the max-
imum Tc is −0.84 GPa. It is in reasonable agreement with the −0.75 ± 0.08 GPa
reported in [BLS+19]. At the peak in Tc, the displacement generated at the central
column was 78 µm. With kdisp = 27 N/µm, under a load of 815 N the mechanical ele-
ments between the displacement sensor and sample get compressed by 30 µm, there-
fore the displacement applied to the sample+epoxy conguration is about 48 µm.
The low-temperature Young's modulus of Sr2RuO4 is 160 GPa [BLS+19], therefore
a stress value of −0.84 GPa should correspond to a strain of −5.3 · 10−3. For this
sample, lexp was 5 mm, which means the exposed portion of the sample was com-
pressed by 26 µm. Therefore, 22 µm of the applied displacement in turn went into
the sample ends and the epoxy.
Detecting sample fractures Fig. 5.0.26 shows force vs. displacement traces for
Sr2RuO4 sample 3. It was accompanied by µSR and diamagnetic susceptibility mea-
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surements. The sample was partially fractured while the load was increased above
∼470 N. The point where the fracture occurred is clearly visible in the rst ramp.
The second ramp shows the unloading curve, including reaching the Zero force point,
which indicates that cooling down resulted in a compressive force of ∼50 N. Despite
the fracture, the slopes of the successive loading curve to the highest pressure(third
ramp) and the unloading curves(second, fourth ramp) matched with the initial load-
ing curve. That is a clear indication of sample +epoxy conguration staying well
within it's elastic limit over the course of the measurement. Therefore, the measure-
ments were continued after the partial fracture of the sample occurred. The inset
shows the top view of the sample, before and after the µSR measurements were
performed. Here two plates of Sr2RuO4 was axed side-by-side, having individual
cross-sectional areas 2.5× 0.44 mm2, and 2.7× 0.40 mm2 respectively, thereby giv-
ing a total cross section of 2.18 mm2. We note that this was before the chip broke
out from the sample. Calculating stress from applied force in case of this sample is
therefore not straightforward. One would have to carefully determine the shape of
the sample, and perform a nite element analysis of its deformation under an ap-
plied load. The uncertainties are somewhat large and therefore we chose to estimate
the average stress from the observed Tc, that was measured in-situ(see Appendix).
The chip will have reduced the homogeneity of the strain within the sample. Nev-
ertheless, the susceptibility data show a clear overall rise in Tc, the superconducting
transition remains relatively narrow and therefore strain inhomogeneity is not se-
vere. The superconducting critical temperature at zero force position was measured
before and after the µSR measurements, which showed the partial fracture didn't
aect the main measured part of the sample. The complete set of susceptibility data
are presented in the Appendix.
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Figure 5.0.27: A sample of CsFeCl3 that cracked when the load exceeded
∼150 N. Inset: Photograph of the sample after fracture, top
view.
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F (D) trace shown in Fig. 5.0.27 demonstrates an example where the sample was
fractured completely. It was CsFeCl3, a gapped quantum magnet. At an applied
force of ∼150 N, it cracked which was clearly visible in the sensor readings. The
force value showed a sudden drop to almost zero, accompanied by a sharp increase
in the displacement. This fracture was severe enough that the sample needed to be
replaced.
Apart from troubleshooting during application of uniaxial pressure, the sensors are
crucial in order to check the stability of the applied strain value as well as intact-
ness of the sample over the course of the µSR measurements, in real-time. One
such example is demonstrated in Fig. 5.0.28, on Sr2RuO4 sample 4 having a cross-
sectional area of 3.2 ×0.3 mm2. For this sample, we followed the similar mounting
procedure of using chamfers and Ti foils as demonstrated in Fig. 5.0.24. In this
case the aforementioned cooling procedure resulted in a load of slightly below 120
N on the sample. At rst the zero force point was reached, following that, we ap-
plied uniaxial pressure to the sample. At the nishing point of the second ramp,
diamagnetic susceptibility was measured to check the Tc of Sr2RuO4, thereafter we
started µSR measurements at that strain point. However, we could not collect much
data for this sample. The measurements were strongly disrupted as the tempera-
ture was not being stable, and a jump to 25 K occurred following a sudden drop of
the voltages applied to the compression actuators. µSR measurements were paused
until the temperature became stable. Once the disturbances of temperature were
stabilized, we again started applied force to the sample, shown in the third ramp.
Between second and third ramp, a large shift in the displacement value was observed
which was accompanied by a change in the slope of the force vs. displacement curve.
Moreover, at the end of third ramp, both the force and displacement sensor readings
seems to saturate at a force value well below than the limit of the pressure cell. For
this measurements, the preload was set to ∼1000 N, so this ceasing of the change in
sensor readings is not expected to occur so early. Which means increasing the piezo
voltages was not resulting in an increasing force applied to the sample. Altogether
this raised concerns regarding the intactness of the sample and therefore we decided
to check it. Once the sample was taken out from the cryostat, a clear crack was ob-
served even without lifting the Ti foil axed to it. Fig. 5.0.28(b) shows photograph
of the sample after fracture. The above mentioned force vs. displacement curves
demonstrate the importance of having the complementary force and displacement
sensors implemented in our pressure cell. In the 3He cryostat conguration of Dolly
spectrometer, it costs several hours for sample change, including handling of the
pressure cell. Since we are having a measurement time of not more than a few
weeks per year, we want to be able to detect any kind of fracture to the sample
without any delay. A user manual for the uniaxial pressure cell has been written by
me, that explains all the operational details[Gho19].
In the next chapter, µSR results on Sr2RuO4 will be presented.
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Figure 5.0.28: Strain application on Sr2RuO4 sample 4.
a: Force-displacement traces. The table shows the compres-
sion and tension actuator voltages Vc and Vt at the end of each
ramp. The large gap between second and third ramp was caused
by temperature instability followed by voltage drop, causing a
sample fracture.
b: Top view of the sample right after taking out from the cryo-
stat and lifting the Ti foil, respectively.
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6 Results of the µSR experiments
In this chapter, I am going to presented the µSR results, that were collected in several
samples of Sr2RuO4, both without applied pressure and with dierent iterations of
the uniaxial pressure cell.
In a typical µSR spectrometer, an upstream detector triggers a timer when a muon
enters the system, as shown in Fig. 4.0.2. In our set-up for performing µSR under
uniaxial pressure, muons entering the system have four fates:
 Passage through the Ti sample holder without implantation; these muons are
detected by a downstream veto detector, and positron counts from their decay
are rejected.
 Implantation in the hematite masks; these muons depolarize very rapidly,
within ∼50 ns after implantation resulting in a reduced sample signal strength
Asam.
 Implantation in the sample; this gives the sample signal strength Asam.
 Implantation in material other than the sample or hematite; this gives the
background asymmetry Abkg.
For every Sr2RuO4 sample, before each set of zero-eld µSR measurements, we
performed transverse-eld µSR experiments to determine the ratio Abkg/Asam. In
presence of an external eld applied transverse to the muon polarization, muons
implanted within non-magnetic and non-superconducting background materials will
precess in-phase. On the contrary, precession of the muons implanted within the su-
perconducting sample would decohere due to the eld inhomogeneity introduced by
the vortex lattice. Based on these contrasting behaviours, these two muon popula-
tions (meeting dierent fates) can be distinguished and there relative contributions
to the total asymmetry can be determined. The absolute value of the zero time
asymmetry gets aected by the strength of applied eld, therefore it is advisable to
use a eld, much lower than the upper critical eld of the superconductor.
6.0.1 Measurements with prototype
In this section the very rst set of results are shown, that were obtained using the
prototype of the uniaxial pressure cell described in sec 5.0.2.
Temperature-dependent measurements were performed on a sample of Sr2RuO4,
with Vc, Vt = 0 V and Vc=+300 V, Vt=-100 V respectively(I will refer to this setting
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Figure 6.0.1: Fourier transforms of the transverse-eld µSR time spectra above
and below Tc, with a muon spin polarization 45
◦ with respect to
the sample c axis and B||ĉ. A temperature-independent Gaussian
component accounts for the non-decaying part of the time spectra
due to the muons that implanted somewhere else rather than the
sample or the hematite masks. Inset: The t to determine the
sample contribution is done in the time domain, at each temper-
ature with up to three further Gaussian components to describe
the contribution from the sample.
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Figure 6.0.2: Schematic showing the conguration used in TF-µSR measure-
ments.
by the combined voltage, +400 V, for convenience). Fig. 6.0.1 shows the Fourier-
transformed µSR signals in a transverse eld of 14.5 mT applied parallel to the c-axis
of the sample, for both pressure values. The muon spin polarization was at an angle
of 45◦ with respect to the sample c axis where the latter is along the beam direction,
a schematic is shown in Fig. 6.0.2. For analysing all of the TF-µSR data, we followed
the standard procedure that has been discussed in sec TF-µSR. We obtained A(t) in
the conventional way(two detector asymmetry) for the transverse-eld data, where
A varies rapidly with time(see Eq. 4.5). To t A(t), we assume a eld distribution
which is a sum of a few Gaussians, one of them describes the background and the
rest corresponds to the vortex lattice structure in the superconducting state(see
Eq. 4.18).
In a real material there are several sources that results in a broadening of the
linewidth. Perturbations of the periodic vortex lattice are likely to be caused by
random pinning of the vortices and uctuations in temperature or applied magnetic
eld, leading to an approximate Gaussian eld distribution, instead of that ideal line
shape presented in Fig. 4.0.6. As shown at the insets of Fig. 6.0.1 a) and b), A(t) is
tted in the time domain to a Fourier transform of the assumed eld distribution.
It is an well established practice to t in the time domain, as the uncertainties in
individual data points are well dened there in particular the exponentially growing
error bars with time, whereas in the frequency domain, the noisy data at long times
contribute the same to the frequency spectrum as the accurate data at early times.
Above Tc, the oscillations show a small relaxation due to the random local elds from
the nuclear magnetic moments. Below Tc the relaxation rate increases due to the
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presence of a non-uniform local eld distribution as a result of the formation of the
vortex lattice in the superconducting state. The eld was applied above Tc before
cooling through the superconducting transition, in order to stabilize a well-ordered
vortex lattice in the mixed state of the superconducting Sr2RuO4.
100% spin-polarized muons give an asymmetry of ∼0.2. In our data the zero-time
asymmetry is ∼0.1, indicating that about 50% of the muons were implanted into
the hematite masks. By comparing the tted amplitudes of the background and
vortex contributions, we obtained Abkg/Asam ≈ 0.54 for 0 V and ≈ 0.57 for +400
V respectively. Which means among those muons that were not implanted in the
Hematite mask, roughly half of them got implanted into the sample, where the
inhomogeneous eld of the vortex lattice causes rapid depolarization of the muon
spin, and the rest of the muons into the (nonmagnetic) titanium sample holder or
in the cryostat walls, where the depolarization rate is much smaller. The possible
reason behind this huge background fraction could have been a slight misalignment
of the pressure cell prototype/muon spectrometer with respect to the beam.
Fig. 6.0.3 a) shows a photograph of the prototype of the piezo based uniaxial pressure
cell(on the left). A side view of the mounted sample is given on the right. A
photograph of the sample mounted in the rst generation of sample holder(schematic
presented in Fig. 5.0.3) is also shown, as seen from the direction of the muon beam.
This sample had an area of ∼ 4×3 mm2 in front of the muon beam, and a thickness
of ∼ 0.38 mm.
The superconducting penetration depth λ was calculated using the Brandt relation
between the magnetic penetration depth and the second moment of the internal
eld distribution ⟨∆B2⟩ = 0.00371Φ20/λ4, valid for the case when the applied eld
B << Bc2 [Bra03], Φ0 is the magnetic ux quantum. In Fig. 6.0.3 (b), the inverse
squared penetration depth λ−2 is plotted for both 0 V and +400 V, λ is the magnetic
penetration depth along in-plane direction. At both pressures, the sample temper-
ature was raised to 2 K followed by cooling to 0.3 K, and the data were taken while
increasing the temperature. For the +400 V curve, in order to make sure that the
temperature scan was performed at the same value of applied strain, the data were
taken in the following order : 0.4 K→0.6 K,...1.6 K→0.5K→0.7K→...1.5 K. Note
that in the prototype we did not have the force and displacement sensors installed
which could track the strain in real time, so it was important to nd another way
of checking the strain. The µSR data were analysed using the free software package
MUSRFIT [SW12]. In the data, 1/λ2 at +400 V is larger than at 0 V for all tem-
peratures. The moderate reduction (∼ 35%) of the magnetic penetration depth is
reasonable considering the known dependence of Bc2 on Tc [RKF+98]. These mea-
surements show denitively that the strain-induced increase in Tc is a bulk eect, in
agreement with the specic data under strain[LKS+21].
From the TF-µSR measurements, the volume averaged Tc of Sr2RuO4 can be esti-
mated. From our data it is evident, that Tc was increased by ≈0.3 K with +400
V applied. This enhancement of Tc corresponds to a uniaxial stress of -0.38 GPa,
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Figure 6.0.3: a: Left: Photograph of the pressure cell prototype mounted to
the 3He cryostat coldnger at Dolly spectrometer in PSI, Switzer-
land. Right: View of the sample from dierent directions.
b: 1/λ2 versus temperature at 0 and +400 V, where λ is the pen-
etration depth. The λ values are derived from ts using Eq. 4.21,
following the method described in the section TF µSR.
c: 1/λ2 values for a uniaxial pressure scan at 1.0 K.
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Figure 6.0.4: Temperature dependence of the specic heat measured after the
µSR experiments in zero magnetic eld and at zero stress.
based on the known behaviour of Tc[BLS+19]. It was in line with the expected
performance from the prototype: +300 V on the compression actuators would have
yielded an unloaded-stack displacement of ∼ 30 µm, and the -100 V on the tension
actuators ∼ 10 µm: ∼ 40 µm in total, according to Fig. 5.0.1. So the applied force
should have been ∼ 440 N, to a Sr2RuO4 sample having a cross section of 0.38×3
mm2.
In Fig. 6.0.3 c) we show 1/λ2 measured at a series of applied voltages between 0
and +400 V at 1 K. Up to +300 V, we applied voltage only to the compression
actuators, keeping the tension actuator voltage at zero. The sample was cycled to
1.6 K between each measurement. Note that the minimum of the 1/λ2 vs. voltage
curve occurs at around +100 V applied to the compression actuators instead of 0
V. In the design of the prototype(see Fig. 5.0.4(a)), the sample was expected to
face slight (below 0.1%) tension due to the dierential thermal contraction between
Sr2RuO4 and the titanium holder and apparatus frame at 0 V [CJS+98a, Eki06].
Since the dierential thermal contraction places the sample under tension upon
cooling, a compressive force is needed to reach the true zero force on the sample.
In other words, 0 V in all actuators do not necessarily correspond to zero strain on
the sample.
For conrming the bulk Tc, the specic heat of the actual sample was measured at
zero stress and at zero eld after the µSR experiments using a physical property
measurement system(PPMS), see Fig. 6.0.4. The midpoint of the heat capacity
transition is ∼1.38 K. The µSR measurements were done in transverse eld, so
Tc was expected to be suppressed from its zero-eld value as seen in the TF data
[RKF+98].
Due to the large background contribution in this very rst set of measurements done
with the prototype, it became extremely dicult to perform zero eld µSR mea-
surements with desired accuracy. Also, since we are looking at very small changes in
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the zero eld µSR rate, much higher statistics is needed in comparison to TF-µSR
measurements resulting in a longer measurement time. In case of this measurements
with the prototype, Tc was estimated through transverse eld µSR measurements
which costed signicant amount of time, out of a very limited measurement period
in a large scale facility. However, for the rst time, these experiments demonstrated
the practical operation of a piezoelectric-driven uniaxial pressure cell for µSR mea-
surements. These experiments turned out to be invaluable for designing the mature
version of the pressure cell as well as performing the future µSR experiments under
uniaxial pressure.
6.0.2 Results on unstressed Sr2RuO4
In the following years using the developed version of the uniaxial pressure cell we
were successful on reducing the background contribution to our signal, which al-
lowed us to perform ZF-µSR studies on several samples of Sr2RuO4. I will start
by presenting data from several samples, which were studied without application of
uniaxial pressure. This samples were measured outside the piezo based cell in the
3He cryostat at the Dolly spectrometer of Swiss Muon source.
Fig. 6.0.5(a) shows an example of asymmetry vs. time spectra for two temperatures
above and well below Tc. As it has been discussed in sec. 4.0.4, conventionally A(t) is
obtained by direct comparison of the positron count rates in a pair of oppositely ori-
ented detectors. Instead, here we chose to perform a `Single histogram analysis'(see
sec. Single histogram) for the ZF-µSR data, wherein we individually analyse the
count rates in each of the two detectors, thereby reducing the sensitivity to instru-
mentation drift(see Fig. 4.0.3 and discussion). ZF-µSR data from three samples of
Sr2RuO4 are shown, that were measured at zero stress. In agreement with previous
works [LFK+98, LFK+00, SFC+12, HKK+14], we observed slow muon spin relax-
ation at higher T, and faster relaxation at lower T, indicating the appearance of an
additional relaxation process in the superconducting state. The slow relaxation in
the normal state is caused mainly by the nuclear magnetic elds. For our zero eld
measurements at the Swiss muon source, all components of the external elds(e.g.
earth's magnetic eld) are actively compensated to better than 1 µT, so this en-
hancement in the relaxation rate is not a consequence of the appearance of vortices
within the superconducting Sr2RuO4. Enhanced depolarisation can in general be
classied as Gaussian(initially at and then accelerating), or exponential(onsetting
strongly at short times), based on whether stronger depolarisation is observed or
not- at short times in comparison with the overall time scale of the enhancement.
The former implies a eld distribution in the sample that has a strong tail extending
to large elds, and the latter a distribution of random directions but more homo-
geneous magnitude. In Sr2RuO4, the additional relaxation is of exponential form
[LFK+98], that means A(T < TTRSB)/A(T >TTRSB) is approximately exponential,
where TTRSB denotes the onset temperature of the enhanced muon spin relaxation.
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Figure 6.0.5: Results on unstressed Sr2RuO4.
(a) Zero-eld µSR asymmetry time spectra A(t) for sample 7, at
above and below TTRSB.
(b-d) Comparison of the temperature dependence of the zero
eld muon relaxation rate λ(T ) (left scale) and heat capacity
data (right scale) for Samples 6(d), 7(e) and 8(f), all under zero
stress. Solid lines show the quadratic t described in the text.
The dashed horizontal lines show the normal state value of λ.
The error bars correspond to one standard deviation from the χ2
t.
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For a static relaxation process, it is a Fourier transform of the internal eld distribu-
tion, and it indicates presence of dilute sources: a resolvable fraction of the muons
see a eld an order of magnitude stronger than the volume average eld.
The muon spin relaxation rate λ at each temperature is obtained by tting:
At(T, t) = Asame
−λ(T )t + Abkg. (6.1)
Asam is the sample signal strength, andAbkg is a background constant to account for
muons that implant into background material such as cryostat walls. We make the
simplifying assumption that Abkg is independent of t, that means the background
muon spins do not relax. The justication behind this assumption will be addressed
later in this chapter. Since Abkg and Asam are determined from separate transverse-
eld µSR measurements, λ is the only free tting parameter in the analysis of the
ZF data.
Sr2RuO4 is grown using a oating zone technique, and growth proceeds along an
in-plane lattice direction [BKM+19]. For Sample 6 this was approximately a ⟨110⟩
direction, and for Samples 7 and 8 a ⟨100⟩ direction. Tc's of unstressed Sr2RuO4
were determined by heat capacity and/or transverse-eld µSR measurements, both
of which are bulk-sensitive probes. On the right scale of Fig. 6.0.5(b-d), we show
superconducting critical temperatures of the samples. These were determined via
specic heat measurements in a Quantum Design physical property measurement
system (PPMS) with a 3He cryostat. Samples 6 and 8 have critical temperatures of
1.38 and 1.35 K, respectively: close to the clean-sample limit of 1.50 K [MHT+98],
while Sample 7 has Tc = 1.22 K, indicating a larger number of defects. Most of
the samples studied in this thesis were either cleaved or ground into plates, while
exposing the interior of the as-grown rod to the muon beam. It is an important
information because due to dierential evaporation of Ru and Sr during the growth,
the interior tends to have a higher density of inclusion phases, such as Ru, SrRuO3,
and Sr3Ru2O7. The superconductivity of Sr2RuO4 is known to be very sensitive
especially to ruthenium (Ru) inclusions, that can result in local distortion of the
crystal lattice and give rise to the so called `3 K phase' found in eutectic crystals
containing embedded ruthenium microdomains [MAM+98]. The sample can still
continue to be in the clean limit, but the inclusions result in raising the Tc to ∼3
K, almost twice of its bulk value ∼ 1.5 K. In this case transitions are found to be
very broad unlike under unaixial pressure, where the transitions become very sharp
as the maximum Tc is approached.
For all of the samples, Abkg << Asam. Although the fraction of background muons
is small, we show later that dierent assumptions about the background relaxation
rate strongly aect the absolute values of λ obtained in the single histogram anal-
ysis. As long as the background relaxation is T-independent, it is a uniform shift
of λ(T). In practice, when knowledge of the background is imperfect, the single
histogram analysis oers an improved sensitivity to small T-dependent changes in
λ(see sec. Single histogram) at the expense of greater uncertainty in absolute values,
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which therefore should not be compared across samples.
Fig. 6.0.5(b-d) show that λ increases at low T for each sample. The magnitude of the
increase is broadly consistent with previous reports across multiple samples[LFK+98,
LFK+00, SFC+12, HKK+14]. The broad consistency across samples of varying
quality indicates that it is a bulk signal. To determine TTRSB, λ(T ) is t with a
quadratic form:
λ(T ) = λ0 + a[1− (T/TTRSB)2] for T < TTRSB;
= λ0 for T > TTRSB,
(6.2)
where a is a constant. This phenomenological ts yield TTRSB = 1.30 ± 0.06 K for
sample 6, 1.30± 0.10 K for sample 7, 1.03± 0.08 K for sample 8 and 1.37± 0.08 K
for sample 3 shown in Fig. 6.0.7(a), all the error bars are one standard deviation.
Fig. 6.0.6 shows additional characterisation data for samples 6-8, as recorded by
independent techniques. The heat capacity data (also presented in Fig. 6.0.5(b-d))
were recorded from portions of the samples that were removed from the holder after
the µSR measurements; for Sample 6 the measurement was performed on a portion
of the sample before the µSR measurement. Heat capacity measurements were
performed by Dr. Vadim Grinenko. For Sample 8, we show heat capacity data from
Sample 4, as the latter one was extracted from Sample 8. Penetration depths were
determined through transverse-eld µSR measurements. The measurement shown
in panel (a) was performed with B∥ c = 2 mT, yielding the in-plane superuid
density λ−2ab , and measurement in panel (c) was performed with B∥ ab = 14.5 mT,
yielding (λabλc)−1. Susceptibility data were recorded in-situ using a set-up similar
to that shown in Fig. 5.0.25(a). All the samples have sharp transitions with Tc near
the clean-sample limit of 1.50 K, except sample 7. Interestingly, despite its lower
bulk Tc Sample 7 has the same TTRSB within error as samples 6 and 3. However,
the transition in susceptibility as shown in Fig. 6.0.6(b) is broad and ∼0.25 K
above the transition seen in the heat capacity, indicating that the sample is not
homogeneous: internal strains locally induces higher Tc. On the contrary, TTRSB
of sample 8 lies distinctly below its Tc(see Fig. 6.0.5(d)). Such intrinsic splitting
has not been reported before in Sr2RuO4: the mechanism by which TTRSB can be
suppressed, is not known. So far, there is no evidence that TTRSB can exceed Tc in
Sr2RuO4.
The measurements on unstressed Sr2RuO4 thus provided two important results:
 The muon spin relaxation rate enhances in an order-parameter-like fashion be-
low Tc. Any rounding of the transition to the time reversal symmetry breaking
state will be on a scale of a few 0.1 K (at maximum), which can be caused
by internal sample inhomogeneity. While these conclusions do not dier from
the previous µSR studies of Sr2RuO4, the condence is now greatly improved
by adding more samples, and also by performing measurements over a wide
temperature range above Tc.
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Figure 6.0.6: Additional sample characterisation data for samples 6-8. Penetra-
tion depths were determined through transverse-eld µSR mea-
surements. Heat capacity data were recorded from portions of the
samples that were removed from the holder after the µSR mea-
surement; for Sample 6, it was measured before the µSR measure-
ment. Susceptibility data were recorded in-situ. We show heat
capacity data from Sample 4 in (c), which was extracted from
Sample 8.
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 Considering Sample 3 (see Fig. 6.0.7(f)), we observe TTRSB to be within 0.1
K of Tc for three samples, and to be suppressed relative to Tc for one. In
combination with previous results [LFK+98, LFK+00, SFC+12, HKK+14]),
the phenomenology appears to be that TTRSB can be suppressed below Tc, but
cannot exceed Tc. In the light of the contradictory results on Sr2RuO4 over
the years, it was asked whether the enhanced muon spin relaxation is in fact
related to superconductivity. This combination of transition-like onset and
correlation of TTRSB with Tc serves as a strong evidence that it is.
6.0.3 Results under uniaxial stress
As it has been demonstrated in chapter 4, the requirements for the size of the samples
suitable for strain experiments are quite strict. We are bound to choose samples that
are oriented along the growth direction, and because this is random one must grow
several rods of Sr2RuO4 and then select those grown in the correct direction, i.e.
along ⟨100⟩ in our case. This requirement leaves sample 6 not suitable for our strain
measurements as it was grown approximately along ⟨110⟩. Samples were grown
by Dr. Naoki Kikugawa, Dr. Dmitry Sokolov in Dresden and by Takuto Miyoshi
and Jake Bobowski from Prof. Yoshiteru Maeno's group in Kyoto. Mark Barber
and Joonbum Park from Max Planck Institute has contributed in characterizing the
samples. While a number of samples were studied in this work (with or without
stress), in the end three samples (2-4) were measured successfully under uniaxial
stress. Among those presented in Fig. 6.0.5 Sample 8 was the only unbroken sample
remaining at the time of measurement under stress. Both samples 2 and 4 were
drawn from sample 8. Now I will show results that were obtained using the piezo
based uniaxial pressure cell presented in chapter 4 (see Fig. 5.0.7).
6.0.3.1 Stress-induced splitting of Tc and TTRSB
Results for uniaxial stress up to -0.86 GPa are shown in Fig. 6.0.7. As it has
been mentioned in the context of force sensor calibration (see sec. 5.0.3.6), the
stress values are calculated from known stress dependence of Tc. Left hand panels
show the asymmetry vs. time curves for temperatures above Tc and the lowest
temperature reached (in presence of dierent iterations of the uniaxial pressure cell
that is presented in sec 5.0.3). Sample 3, with zero-stress Tc= 1.39 K, was measured
at 0, -0.28, and -0.43 GPa. Samples 2 and 4 had smaller total cross-sections than
Sample 3, allowing higher stresses to be reached. Sample 4 was measured at -
0.70 GPa, right at the peak in Tc, and Sample 2 slightly beyond, at -0.79 GPa.
Detailed descriptions of strain application and further handling of each sample under
uniaxial stress have already been discussed in the previous chapter, see sec 5.0.3.7.
For every sample, Asam and Abkg were determined independently at each stress by
TF-µSR measurements.
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Figure 6.0.7: Stress-induced splitting between Tc and TTRSB.
Left-hand panels: Zero-eld µSR asymmetry A(t) at a high tem-
perature and at the lowest temperature reached. (ac) Sam-
ple 3 at 0 GPa, -0.28 GPa and -0.43 GPa, (d) Sample 4 at -
0.70 GPa, and (e) Sample 2 at -0.79 GPa plus one data point
at -0.86 GPa.(Negative values denote compression.) (fj): Tem-
perature dependence of the µSR rate λ, and in-situ diamagnetic
susceptibility data for the samples and stresses of the left-hand
panels. red lines are the ts to λ(T ). Reproduced from [GGS+21].
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The right hand panels shows the temperature dependence of the muon spin relax-
ation rate(left scale) and in-situ diamagnetic susceptibility data(right scale). In
order to determine the Tc, mutual inductance of the two coils was measured using a
lock-in amplier, and the excitation eld applied at the sample surface was typically
∼10 µT. Tc was determined using a 50% criterion.
The relaxation enhancement remains exponential at each stress, and it can be seen
in panels (fh) that although Tc increases under the applied stress, TTRSB continues
to remain low. As it has been discussed extensively in chapter 4, due to large mass
and the poor thermal conductance of the uniaxial pressure cell, the data here do not
extend to temperatures much below 1 K; therefore we used a simpler, linear form
to t λ(T ) in order to extract TTRSB :
λ =
{
λ0 + b× (TTRSB − T ), T < TTRSB
λ0, T > TTRSB
(6.3)
The slope b is a common tting parameter among all three stresses, while TTRSB and
λ0 are obtained independently at each stress. This t gives TTRSB = 1.37±0.08 K at
0 GPa, 1.18±0.06 K at −0.28 GPa, and 1.23±0.08 K at −0.43 GPa. TTRSB appears
to be initially suppressed, then to stabilise at a lower value. Chapter 4 discusses
the eorts made in order to reach lower base temperature for the experiments under
uniaxial pressure, which resulted in slightly dierent base temperature values even
for the same sample holder attached to the uniaxial pressure cell. In case of sample 3
the lowest temperature reached was ∼0.71 K, for the µSR measurements performed
at an uniaxial stress value of -0.43 GPa(see Fig. 5.0.13(a)). However, in order to
avoid any kind of biasing to the t, we have used the same tting range for panels
(fh)(belonging to sample 3), which excludes the three open points in panel(h).
Adopting the same phenomenological t similar to Sample 3, with the same slope b,
TTRSB of Sample 4 is found to be 1.24±0.16 K, which denotes a possible enhancement
over its unstressed value. In case of Sample 2, TTRSB is found to be 0.82 ± 0.08 K.
Altogether, it is evident that TTRSB remains low, even when Tc approaches its max-
imum. The suppression of TTRSB in Sample 2 is comparable to that seen in Sample
3 at -0.28 GPa, ≈0.2 K. A single data point from Sample 2 at a yet higher stress,
-0.86 GPa, indicates that the time-reversal symmetry is still broken. Fig. 6.0.8 shows
additional characterisation data for samples 2-4. The measurement shown in panel
(c-d) was performed with B∥ c = 2 mT, yielding the in-plane superuid density λ−2ab .
Alternative forms for A(t) Here we t zero-eld µSR time spectra to simple ex-
ponential decays, assuming static randomly distributed diluted eld sources (within
the ab-plane). The obtained function is an asymptotic behaviour for a Lorentzian
Kubo-Toyabe function: 1/3+2/3[1−λt]e−λt in the limit of small depolarization rate
λt ≪ 1 for the measured time window. Additionally, we deal with single crystals
and therefore cannot exclude a possibility that spontaneous elds are non-isotropic.
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Figure 6.0.8: Additional sample characterisation data for samples 2-4. Penetra-
tion depths were determined through transverse-eld µSR mea-
surements. Heat capacity data were recorded from portions of
the samples that were removed from the holder after the µSR
measurement; Susceptibility data were recorded in-situ. The cor-
responding loading curves and further characterisation of the sam-
ples under uniaxial stress were presented in the previous chapter.
Therefore, in the tting function we decided to not include the 1/3 term. Instead,
we t the data with the function having the form A0 + Asame−λt + Abkg. However,
we found that due to a small λ the non relaxing contribution A0 cannot be reliably
determined, and technically it interferes with the dark count rate, which is a tting
parameter in our single histogram analysis. Therefore, we set A0 to zero. Note,
that non-zero A0 aects quantitatively the absolute value of λ but importantly, its
temperature dependence stays qualitatively unchanged.
For static randomly distributed dilute eld sources, the Lorentzian Kubo-Toyabe
function fLKT = 13 +
2
3
(1− λt)e−λt is generally a more accurate description, however
we found no improvement in our ts and, in the absence of a widely-accepted micro-
scopic model for the internal elds, we use the simpler tting. The eld from nuclear
dipoles, which is a dense eld source, is generally described by the Gaussian-Kubo-
Toyabe function, fGKT = 13 +
2
3
(1− σ2t2) exp(−1
2
σ2t2). Therefore another form that
could be employed for tting is A(t) = fGKT(t)× e−λt, where the added exponential
describes the additional relaxation below TTRSB. We tested a simpler phenomeno-
logical form on Sample 3, A(t) = Abkg + Asam exp(−λt) exp(−12σ
2t2), but the t
quality was not seen to be improved by adding the extra tting parameter.
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6.0.3.2 Stress-induced magnetism
Sample 2 was compressed yet further, to a stress value of σ = −1.05 GPa. Inter-
estingly, the µSR response was found to change it's character at this high stress.
Fig. 6.0.9(a) shows the A(t) at various temperatures. Instead of the slow exponential
relaxation, now we see a fast relaxation in the early time followed by oscillations.
These oscillations are an unmistakable indication of magnetic order appearing in the
system. A(t) was tted to the following form:
A(t) = α j0(2πγµBmaxt)e
−λTt + (1− α) e−λLt. (6.4)
j0 is a zeroth-order Bessel function, which is the Fourier transform of the Overhauser
eld distribution, p(B) ∝ (B2max − B2)−1/2, expected for an incommensurate spin
density wave as mentioned previously in sec 4.0.5. Bmax is the magnetic hyperne
eld at the peaks of the SDW, and γµ the muon gyromagnetic ratio. α is the
oscillating signal fraction due to muons experiencing magnetic hyperne elds that
are transverse to the initial muon spin polarization. α is in fact a lower bound on the
magnetic volume fraction, as the magnetic order can also generate longitudinal eld
components at individual muon sites, which will not cause muon spin precession.
λT and λL describe an additional static line broadening and a slow dynamical spin
relaxation, respectively.
The results of the t to Eq. 6.4 are shown in Fig. 6.0.9(c-e). α saturates at ≈ 60%.
The rapid decrease of A(t) to below 40% of its initial value also indicates that the
volume fraction of the order is at least 60%. It could be higher: in a fully-ordered
sample, suppression of A to zero is only expected if the local hyperne eld is
orthogonal to the initial muon spin polarization. Bmax(T → 0) turns out to be 5.5±
0.1 mT. This is a factor of 12 smaller than Bmax in the isostructural antiferromagnet
Ca2RuO4, where the maximum ordered moment is 1.76 µB/Ru [CGGM+12]. Fitting
Bmax(T ) gives a Néel temperature TN of 6.86 K, and as TN is approached Bmax(T )
decreases with a critical exponent of β of 0.41. Below ≈2 K, λT and λL increases
strongly. The eect can be visualized in Fig. 6.0.9(a): more oscillations are resolvable
at 2.19 than at 0.44 K. Susceptibility data [Fig. 6.0.9(e)] show that the sample is
superconducting with a broad transition having onset at about 4 K and a bulk Tc ∼
1 K (using 50% criterion), which show that this change is most likely a consequence
of the microscopic coexistence of superconductivity and magnetism.
The a.c. susceptibility measurements were used to ensure reaching the Van hove sin-
gularity by monitoring the width of the superconducting transition, which sharpens
close to the Van hove point. Each of the coils have ≈100 turns, and they are wound
directly on top of each other onto the same form. Together, they usually have an
inner diameter of ≈1.8 mm and an outer diameter of ≈2.8 mm. They extended from
∼0.4 to 1.0 mm above the sample. While the superconducting transition temper-
ature of Sr2RuO4 increases with increasing strain, the transitions become broader.
This behaviour matches with the previous studies[Bar17, Jer20]. The amount and
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shape of this broadening is known to vary from sample to sample. The variation
in Tc is dependent on the tangent slope of the Tc vs. strain curve i.e. |dTc(ε)/dε|,
the strain inhomogeneity and the applied strain. It is almost inevitable to have a
certain amount of strain inhomogeneity in a sample, therefore the higher the ap-
plied strain- the larger the variation in Tc. It gets even larger once the peak in Tc is
crossed as the tangent slope of the Tc vs. strain curve is steeper. The applied eld
for the susceptibility measurements was ∼ 10 µT. Here we identify the extrema of
the susceptibility signals as 4πχ = 0 and −1, as heat capacity and transverse-eld
µSR data show that the samples are fully superconducting.
In order to estimate the stress-induced ordered moment, we refer to the static
magnetic order induced in unstressed Sr2RuO4 by Ti substitution. The electronic
structure of Sr2RuO4 is known to introduce susceptibilities at multiple wave vec-
tors [SSK+19, CAEA16], and so the wave vector for the stress-induced order may
very well be substantially dierent than those of the substitution-induced order,
nevertheless it provides us a reliable starting point of comparison and it is a reason-
able hypothesis that the stress-induced and Ti-induced magnetic orders are related.
The T → 0 ordered moment of Sr2Ru0.91Ti0.09O4 is 0.3 µB/Ru [MM01, BFS+02],
and in ZF-µSR data the rst minimum in A(t) occurs at ≈ 0.2 µs [CGGM+12]. As
shown in Fig. 6.0.9(a), the rst minimum in A(t) for the stress-induced order occurs
at ≈ 1 µs, which would therefore suggest an ordered moment of ∼0.06 µB/Ru.
However, in contrast to the previously observed magnetism in doped Sr2RuO4, our
results allow to make two important conclusions:
 The eld distribution is consistent with an incommensurate magnetic structure
indicating a SDW state.
 In contrast to the theoretical expectation, undoped Sr2RuO4, in fact, is not
that close to a magnetic instability. Functional renormalization group calcula-
tions have predicted stress-induced magnetic order in stoichiometric Sr2RuO4,
but the onset is expected to take place before the Fermi surface transition at
−0.70 GPa is reached [LZRW17]. However, the observed onset of magnetic
order is clearly beyond the Lifshitz transition: the −0.86 GPa data point of
Sample 2 falls between the peak in Tc and appearance of magnetic order.
One could try to look for an indication of the stress induced magnetic order via
resistivity measurements which is much less restricted in measurement time
compared to µSR and better strain homogeneity is achieved for smaller sam-
ples. However, eorts made in this direction could not nd any signatures asso-
ciated with the appearance of the spin density wave phase[BSMH19, BLS+19].
Our data are summarized by the phase diagram in Fig. 7.0.1. I will further
discuss the SDW order again in the next chapter.
Analysis of µSR data In this section, I would like to recapitulate the discussion of
`single histogram analysis', that was employed to analyse the ZF-µSR data presented
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Figure 6.0.9: Magnetic order. (a) Zero-eld asymmetry A(t) at various tem-
peratures for Sample 2 at -1.05 GPa.
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Figure 6.0.10: a. Testing dierent models to describe magnetic order.
Zero-eld asymmetry A(t) in the magnetic state for Sample 2 at
-1.05 GPa, tted with a Bessel function describing incommen-
surate spin density wave order, and a damped cosine describing
ferromagnetism or commensurate magnetic order. Reproduced
from [GGS+21].
b. A schematic cross-section through the end of the sample 2,
and a photograph of the sample from the side.
in this thesis (see sec. Single histogram analysis). In contrast to the asymmetry
t(see Eq. 4.1), here Ni(t)(the number of counts in detector i at time t) is tted by
Ni(t) = N0,i[1 + At,i(t)]e
−t/τµ +Ndark,i, (6.5)
where τµ is the muon lifetime, N0,i is a tting parameter setting the overall number of
counts, and At,i(t) is the hypothesised functional form of the muon spin relaxation.
At,i(t) is determined through Eq. 4.6. The relaxation rate λ is calculated from
ts to both detector (here, one forward and the other backward along the muon
beam) signals simultaneously, using the MUSRFIT program [SW12]. We plot the
experimental asymmetry data points according to Eq. 4.7, where Ai(t) is determined
from Eq. 6.5. These are compared with the model asymmetry function
At(t) ≡
1
2
[At,1(t)− At,2(t)]. (6.6)
In the single histogram analysis it is therefore unavoidable that the experimental
A(t) is dependent on the model At(t), since a model is required to obtain Ndark,i in
the rst place. However, we emphasise on the fact that the procedure is not `self-
adjusting', such that an agreement between A(t) and At(t) will not be obtained
until an appropriate At(t) is selected; see Fig. 6.0.10(a) for an example.
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Additional analysis of the magnetic phase The internal eld distribution in the
magnetic state observed at high stress is well-described by a Bessel function, the
eld distribution expected for an incommensurate spin density wave. On the other
hand, Ferromagnetism is a likely consequence of tuning materials to peaks in the
density of states, therefore this alternative possibility was also explored. However,
it was not found to be a good match to the data. The expected functional form for
A(t) in case of ferromagnetism is a cosine:
A(t) = α cos(2πγµBt)e
−λTt + (1− α) e−λLt, (6.7)
where B is now the average local magnetic eld at the muon site induced by the
magnetism, and other quantities are as in the case of Eq. 6.4. For uniform ferromag-
netic order, non-relaxing precession will be expected, and the damping parameters
λT and λL will then describe the width of the eld distribution. This form is also
valid for any other commensurate magnetic order: reversing the eld direction on
every other site would not alter A(t). Fig. 6.0.10(a) shows the results of the t. The
damped cosine t performs noticeably worse. For example, the data at early time
(t ≲ 0.1µs) or at t > 2µs is not reproduced. Specically, it fails to capture the third
peak in A(t), at t ≈ 3.2 µs which is clearly visible not only at this temperature(
T = 2.9 K), but also in the 2.19 and 4.4 K data in Fig. 6.0.9(a). We note that in
the single histogram analysis, a functional form for A(t) must be assumed in order
to t the dark count rate, which results in dierent experimental A(t) for the two
forms(Eq. 6.4, Eq. 6.7), even though both are derived from the same raw data set.
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Figure 6.0.11: (a-b). Transverse-eld µSR time spectra above and below Tc,
with a muon spin polarization 45◦ with respect to the sample c
axis ĉ and B ∥ ĉ.
(c-d). Fourier transforms of the time spectra shown in panels
(a) and (b). The t to determine the sample contribution is
done in the time domain.
Background determination In Fig. 6.0.11 transverse-eld data from Sample 3 at
0 and -0.43 GPa are shown. The applied eld was 14.5 mT, parallel to the c axis
of the crystal. By comparing the tted amplitudes of the background and vortex
contributions shown in (c) and (d), we obtain Abkg/Asam ≈ 0.12 for Sample 3 at
−0.43 GPa. At 0 and −0.28 GPa, Abkg/Asam was 0.05. The increase between −0.28
and −0.43 GPa is due to a chip that broke from the sample as the applied stress
was increased(see Fig. 5.0.26(a)), which exposed a portion of the susceptibility coils
to the muon beam. For the remaining samples, Abkg/Asam came to ≈ 0 for Samples
6, 7, and 2; ≈ 0.12 for Sample 8; and ≈ 0.15 for Sample 4.
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6.0.4 Eect of the background in the single histogram
analysis
I have already mentioned that a non-relaxing (that is, time-independent) background
Abkg was assumed for all samples, for the sake of simplicity. Here we show that as
long as the background relaxation is T independent, temperature dependence of λ
is obtained accurately.
For Sample 3, the breakage of a chip while stress was increased from −0.28 to
−0.43 GPa(see Fig. 5.0.26(a)), exposed some brass material(behind the sample)
to the beam. In case of zero-eld measurements, the contribution from the muon
spin depolarisation rate in the brass piece cannot be neglected. Due to a large
nuclear moment of Cu the muon spin depolarisation in brass is dominated by Cu
contribution, whereas Zn contribution can be neglected due to the small natural
abundance of 67Zn carrying a nuclear moment. Therefore, to include the brass
contribution we used the experimental data of the muon spin depolarisation rate
in a pure Cu metal[CCR+83]. The relaxation from copper can be accurately t
by the Gaussian Kubo-Toyabe form with σ = 0.39 µs−1. In Fig. 6.0.12(a) we
show the two sets of A(t) vs time spectra of Sample 3 at −0.43 GPa. Data for
two temperature points are shown, one well above the Tc(3.98 K) and the lowest
temperature reached below Tc(0.71 K) at this stress. We considered two types :
a non-relaxing background, and other wherein 55% of the background muon spins
relax following the expected µSR function of Cu while the remaining 45% do not
relax. Panel (b) shows the resulting relaxation rates λ for three dierent background
assumptions. λ values seen to get considerably lower when a relaxing background is
assumed. The 20% copper case is seen to reduce λ for T > TTRSB to a similar value
as obtained for 0 and -0.28 GPa; since the background was smaller for 0 and -0.28
GPa, these two measurements are more likely to yield correct absolute values. Visual
inspection of the holder also indicates that 2030% is also a reasonable estimate for
the fraction of exposed background material that is brass. Nevertheless, panel (c)
shows that the eect of assuming a dierent background on relative values of λ is
negligible if we subtract temperature-independent constants in each case. Therefore
in this thesis, we chose to assume non-relaxing background components because it
is not realistic to accurately determine the true background relaxation rate for each
sample at each stress value, in a time restricted facility experiment like µSR.
Additionally, we looked for a direct experimental verication that unlike the absolute
values of λ as obtained from the `single histogram t', the background does not aect
the observed TTRSB or the magnitude of the enhancement of the relaxation rate
below TTRSB. For this purpose, µSR measurements were performed on an additional
sample(sample 6a) which was about ∼1.5 cm apart from sample 6 in the same
original rod of Sr2RuO4, and have nearly identical Tc. For the µSR measurements,
sample 6a was mounted into the uniaxial pressure cell, but no force was applied.
Transverse-eld data, shown in Fig. 6.0.12(d), showed that about 13% of the muons
implant into background material. Panel (e) shows that samples 6 and 6a have
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Sample 3 at -0.43 GPa
Figure 6.0.12: Testing dierent backgrounds.
a. A(t) resulting from the single histogram analysis of Sample
3 at −0.43 GPa under dierent assumptions about the back-
ground: non-relaxing, and with 55% of the background muon
spins taken to relax following the relaxation function of copper.
b. Results from the single histogram analysis for the relaxation
rate λ taking dierent portions of copper in the background.
c. Data in panel (b) with temperature-independent constants
subtracted.
d. Fourier transforms of the transverse-eld µSR time spectra
of Sample 6a above and below Tc.
e. Comparison of the temperature dependence of the zero eld
µSR rate (left scale) and the specic heat data (right scale) for
Samples 6 and 6a. Reproduced from [GGS+21].
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nearly identical heat capacities and superconducting critical temperatures. The
absolute value of zero eld muon spin relaxation rate λ obtained from the single
histogram analysis diers strongly between the two samples, which as mentioned
before is almost certainly resulting from the fact that sample 6a was mounted in the
pressure cell while sample 6 was not, rather than an actual dierence in the samples
themselves. Crucially, we obtained very similar values for TTRSB and the change in
λ below TTRSB for both samples.
Control measurement To maximize the amount of muons stopped in the samples
we adjusted the position of the sample cryostat at every measurements. In this way
the fraction of muons stopped in the samples were more then 50%, where the rest of
the muons were subtracted by veto detectors or depolarized by the antiferromagnetic
hematite masks in a way that their contribution were noticeable only at rst 50
ns. Therefore, in the data analysis we excluded the region with this initial fast
depolarization rate. The hematite masks were relatively far from the sample edges(∼
5 mm), excluding any eect of the mask on the depolarization rate of the muons
that hit the sample. Fig. 5.0.13(b) shows a photograph of the hematite masks
that we used to cover the sections of the Ti sample holder in the beam. Being
antiferromagnetic, Hematite do not generate long-range stray elds.
To rule out the possibility that the enhanced muon spin relaxation below TTRSB is
an artefact of either the non-relaxing background material or the strongly relaxing
hematite masks, we decided to perform ZF-µSR experiments with the sample being
completely covered with hematite as shown in Fig. 6.0.13(a). Fig. 6.0.13(b) shows
A(t) from the rst 50 ns. This rapidly oscillating signal corresponds to the muons
that gets implanted into the hematite. It can be tted by a damped cosine and it
decays very fast. The remaining asymmetry is due to muons that implanted into
material other than the hematite, or into paramagnetic portions of the hematite
masks. In panel (c), measurements under a weak transverse eld are shown. The
initial asymmetry is ≈ 0.027, whereas an initial asymmetry of ≈ 0.27 is expected
when all the muons implant into a non-magnetic, non-relaxing material. Therefore
panel (c) shows that about 10% of the muons implant into background material.
In panel (d), we show asymmetry time spectra from zero-eld measurements for
a longer time interval. The polarisation of these background muon spins relaxes
on a time scale of several µs. The `background' relaxation rate is relatively strong
and can be partially responsible for the variation of the normal state relaxation
rate at the sample measurements with device. The temperature dependence of this
relaxation rate is shown in panel (e): no signicant change is resolved, which shows
that in the measurements on Sr2RuO4 the observed enhancement in the relaxation
rate is due to the Sr2RuO4 itself, and not an artefact of the background material
or the hematite mask. Additionally, these control measurements demonstrate that
a T-independent background is a valid assumption.
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Figure 6.0.13: Control measurement. (a) Photograph of the `sample' for
control measurements: a hematite mask is put in place of
Sr2RuO4. Therefore the signal originates from muons stopping
in hematite and in the non-magnetic background (cryostat walls,
Ti frame of the sample holder etc.). (b) Strongly damped os-
cillations of the muon spin polarisation can be seen in the rst
50 ns. There is no signicant change in their form between 1.6
and 0.4 K. (c)Weak transverse-eld measurements: the signal is
fromn muons that did not implant into the hematite. (d) Zero-
eld measurements: the polarization of the muons implanting
outside the hematite decays on a µs time scale. Fits exclude the
rst 50 ns, shown in panel (b). (e) The zero-eld muon spin
relaxation rate has no signicant temperature dependence.
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Figure 6.0.14: Knight shift. (a) Temperature dependence of the muon Knight
shift for Sample 6a plotted relative to Ag reference. Inset shows
a Fourier transform of the high transversal eld time spectra at T
= 0.12 K. Sr2RuO4 and Ag have two well-resolved frequencies.
(b) Temperature dependence of the muon relaxation rate for
Samples 6a and Ag sample holder in B ∥ ab = 8 T. Reproduced
from [GGS+21].
High-resolution Knight shift measurements One might consider the possibil-
ity of a change in the nuclear-dipole contribution(for example due to a structural
change) below ∼1.5 K in Sr2RuO4, which could have been responsible for the µSR
signal i.e. the enhancement below TTRSB in zero eld. To check whether the anomaly
at T ∼ 1.5 K is observed in the normal state, we performed high-resolution Knight
shift measurements as proposed in Ref. [GSM+18]. This measurements were per-
formed in the HAL spectrometer at Swiss muon source, where the eld was applied
in the ab-plane. In this experiment, the muon spin is sensitive to internal elds along
the ab-plane similar to our zero eld experiments. The sample was cut from the sam-
ple 6a and had a cylindrical shape with a diameter of ∼ 2.5 mm and height of ∼ 2
mm. The Knight shift is dened with respect to the Ag reference, a correction to dia-
magnetic eects is not performed. The data were tted in the time domain using two
cos components with exponential damping. The result is summarized in Fig. 6.0.14.
The Knight shift is dened as Kab = [BSr2RuO4 −BAg]/BAg, where BSr2RuO4 and BAg
are the magnetic elds at the muon stopping site in Sr2RuO4 and Ag sample holder
correspondingly. Below 4 K, neither the line width nor the Knight shift showed any
resolvable changes, which would indicate a structural transition causing a change in
the muon stopping sites, and therefore resulting in enhanced muon spin relaxation.
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6.0.5 Discussion
6.0.5.1 The nature of the TRSB phase
The systematic stress-induced splitting between Tc and TTRSB for |σ| < 1.0 GPa
proves denitively that the enhanced muon spin relaxation is not merely an artefact
of the superconducting transition alone, such as through interaction of magnetic
defects or magnetic interactions with conventional superconductivity. In the ab-
sence of a known microscopic mechanism that reconciles µSR and scanning SQUID
data, this is a vital qualitative observation. It rules out one possibility: that the
enhanced muon spin relaxation is a consequence of compression of ux from mag-
netic inclusions, present in all real samples, when the rest of the sample becomes
superconducting.
Now I will be discussing the possible magnetic mechanisms, that could result in
the weak muon spin relaxation enhancement seen in Sr2RuO4 below TTRSB, for
|σ| < 1.0 GPa.
Possible magnetic mechanisms:
 Bulk magnetic order: At rst sight, the weak variation of TTRSB up to
|σ| = 1.0 GPa, combined with the observation of the magnetic order beyond
1.0 GPa, might point towards a possibility that the enhanced muon spin relax-
ation is a consequence of a magnetic transition, rather than a property of the
superconductivity of Sr2RuO4. However, we argue that this is very unlikely.
With the stress-induced magnetic order at |σ| = 1.0 GPa, the rst minimum
in A(t) occurs at t≈ 1 µs, and as estimated before it corresponds to an ordered
moment of ∼0.06 µB/Ru. At the same time, the increase in relaxation rate
λ observed at lower stresses is ∼0.03 µs−1. If this faster relaxation at lower
stresses were denoting the start of oscillations resulting from the stress induced
magnetic order, the rst minimum in A(t) would be at t ∼30 µs, and the or-
dered moment would be ∼0.002 µB/Ru, an extremely weak magnetism very
seldom observed in real materials. Although it is not entirely impossible for
such a delicate magnetic order to occur, but in that case such weak response to
strain-tuning would be unexpected. It would be a highly tuned, delicate state,
and in this case its reproducibility across samples of varying purity and insen-
sitivity to stress up to 1.0 GPa is rather dicult to explain. To give a rough
estimate of the energy scale while dealing with uniaxial pressure: a strain of
1% can change the Fermi level by approximately 1% of the band width. For
Sr2RuO4 the band width of the band along the ⟨100⟩ direction is ∼3 eV, so a
1% change of strain along the ⟨100⟩ direction is equivalent to a temperature
change of ∼300 K or the Zeeman splitting corresponding to a magnetic eld
of 600 T[Bar17]. In a related compound Sr3Ru2O7, spin density wave order
with an ordered moment 0.10 µB/Ru has been observed, which is found to
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be extraordinarily sensitive to both applied magnetic eld and uniaxial stress,
responding strongly to stresses of order 0.1 GPa [BBB+17].
 Magnetic order around defects: In the light of the previous point, there-
fore a more suitable hypothesis could be that a precursor of the bulk order at
high stress condenses around certain defect sites at σ ≤ −1.0 GPa. However,
the magnetic order appears at stress values well above Lifshitz transition(see
Fig. 7.0.1). And therefore it evidences against the possibility that the TRSB
state is the reminiscence of the observed magnetic order(at high stress) induced
by local strain around crystalline defects.
Firstly, the temperature dependence of the internal elds at low strain(Fig. 6.0.7)
is qualitatively dierent from the observed one in the strain induced SDW
phase(Fig. 6.0.9). Secondly, if we assume that unstrained Sr2RuO4 samples
contain regions with the strain-induced magnetic phase due to local disorder
then we would expect to have also regions with Tc ∼ 3.5 K, since the disor-
der induced strain eld should relax to zero far away from defects, passing
through its critical value at the Lifshitz transition(Fig. 3.2.10(a)). However,
we observed very sharp superconducting transitions of all clean unstrained
samples, without any indication for the regions with enhanced Tc according
to our susceptibility measurements(e.g. Fig. 6.0.7(f)). Moreover, TTRSB is al-
ways at or below Tc even at the uniaxial stress close to the value where we
found the SDW phase with TN ≈ 7 K. The overall local strain is a sum of
the applied external strain and disorder induced internal strain, therefore we
would have inevitably observed a gradual increase of TTRSB towards 7 K as the
islands of magnetic order would grow and greatly increase in number as the
bulk transition is approached. The internal eld strength i.e. the magnitude of
the muon spin relaxation enhancement would also increase while approaching
to the SDW phase boundary which is certainly not the case here.
 Weak ferromagnetic uctuations: The above mentioned arguments thus
compel us to consider uctuations rather than bulk order. Weak exponential
muon spin relaxation is observed above the Curie temperature Tc = 140 mK of
the weak ferromagnet YbNi4P2 [SGK+12], however it's a dynamic relaxation
well described by a power law in temperature, decaying only gradually with
increasing temperature; in contrast to the behaviour seen in Sr2RuO4. The
critical magnetic uctuations of CeFePO[LSS+12] and α-YbAlB4 [MKS+16]
cause similar kind of slow muon spin relaxation, where also the relaxation
rate decreases gradually over roughly an order-of-magnitude increase in T, far
longer tails than at TTRSB in Sr2RuO4.
Additionally, the observed splitting of the transitions rules out any mecha-
nism based on interaction of electronic or nuclear magnetic uctuations and
conventional superconductivity. This conclusion is supported by the previ-
ous longitudinal eld measurements in Sr2RuO4 reported in [LFK+98], that
demonstrated a static nature of the internal elds appearing below Tc(see
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Fig. 4.0.5 and discussion).
 Spin glass: An exponential muon spin relaxation could also be characteristic
of a static glassy or a homogeneous uctuating state. However, even dilute
spin glasses typically give relaxation stronger by two orders of magnitude, than
observed in our case[WKL+94].
 High-symmetry muon stopping sites: Another uncommon mechanism
that can cause weak exponential muon spin relaxation is a combination of com-
mensurate antiferromagnetic order and high-symmetry muon stopping sites.
For example, in the antiferromagnetic compound UIn3, muons stop on high-
symmetry sites where the local magnetic eld is zero, and therefore they only
sense the weak elds caused by dilute faults in the spin structure, result-
ing in a slow, approximately exponential muon spin relaxation [ZSM+93].
However, the temperature behaviour of the depolarization rate below TN
= 88 K is not studied so far, which prevents a direct comparison. Also in
Sr2RuO4, the strongest magnetic susceptibilities are at incommensurate wave
vectors [CAEA16], and with incommensurate magnetic order there are no high-
symmetry stopping sites. Furthermore, extensive neutron scattering studies
have not revealed any magnetic order in the unstressed, undoped system.
 Magnetic impurities: Non-magnetic impurities can induce magnetic mo-
ments in materials such as Cuprates and Fe-based superconductors where there
are strong magnetic interactions [ABGH09, GBA16]. In this case the non-
magnetic impurity potential generates bound states in some orbitals. Usually,
these moments result in a Curie-Weiss magnetic susceptibility rather than a
magnetic transition [FDK+09, GKD+11]. In principle, the bound states could
appear very close to the Fermi level, and therefore get aected by the open-
ing of the superconducting gap, which would result in appearance of local
moments only below Tc. But in this scenario TTRSB would follow Tc under
applied uniaxial stress, in stark contradiction to our observations. The inter-
action of such moments with conventional superconductivity is therefore ruled
out as the source of the signal at low stresses, by the observed stress-induced
splitting.
A potential non-magnetic mechanism that could give enhanced µSR is a structural
transition in which the muon stopping site is changed, altering the muonnuclear
dipole interaction. However, structural transitions at such a low temperature are
rare. Moreover, the muon Knight shift measurements on unstressed Sr2RuO4 shown
in Fig. 6.0.14 did not detect any change in the Knight shift or line width that could
indicate a structural transition taking place below 4 K.
The absence of plausible magnetic mechanism, the close correlation between Tc
and TTRSB in unstressed Sr2RuO4, and crucially, the observation of stress-induced
splitting lead us to the conclusion that enhanced muon spin relaxation most likely
marks a transition of the superconducting state of Sr2RuO4. Because the micro-
scopic mechanism connecting TRSB superconductivity with enhanced muon spin
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relaxation remains to be determined, our observation of the clear splitting between
TTRSB and Tc is anticipated to be precious, as it shows denitively that these are
distinct features, that means superconductivity is not a sucient condition to obtain
enhanced muon spin depolarisation.
Disorder could potentially explain the observation that TTRSB < Tc in some un-
stressed samples of Sr2RuO4. Due to the fact that the growth of the samples pro-
ceed along one Ru-Ru bond direction means that the disorder landscape is capable
of lifting the x-y symmetry of the lattice. In other words, extended defects such as
dislocations and Ru inclusions could have a preferred orientation. Sr2RuO4 samples
are grown with excess Ru to compensate for dierential evaporation during growth.
The interior of samples therefore tends to be Ru-rich, and the excess Ru precipi-
tates into inclusions. Oriented defects could be more eective in suppressed TTRSB
than lattice strain because they introduce large-angle scattering, whereas strain does
not. Therefore, an observation of splitting in some unstressed samples(e.g sample 8
Fig. 6.0.5(f)) does not rule out chiral order.
Splitting between Tc and TTRSB has been observed previously in a few materials e.g.
[HWS+89]), but not with the clarity attained in this work. In UPt3, a splitting of
∼0.05 K was observed [LKL+93], although enhanced muon spin relaxation was not
seen at all in a later report [RHY+95]. In both Ba1−xKxFe2As2 and Pr1−xLaxPt4Ge12
there is a potential splitting of a few kelvin [GMS+17, GSK+20, ZDH+], but there
the resolution is limited by the transition widths and small scale of the enhancement
in the relaxation rate λ. The study of UPt3 has been particularly informative, as
Kerr rotation, superconducting junction, and small-angle neutron scattering mea-
surements show that at low temperature its superconductivity is chiral, providing
further evidence that time reversal symmetry-breaking superconductivity causes en-
hanced muon spin relaxation [SGW+14, SBVH+10, AGK+20]. However, the split
transitions in UPt3 are attributed to two qualitatively dierent superconducting
phases but not to a lifted degeneracy by an external parameter.
6.0.5.2 Scenarios for two-component superconductivity in Sr2RuO4
Temperature-strain schematic phase diagram for two-component superconductivity
at small strain were shown in Fig. 3.2.12, an experimental version of which has
been presented in Fig. 7.0.1. In the light of the extensive theoretical and experi-
mental studies performed over more than two decades, there are two categories for
the probable superconducting order parameter, that would correspond to a TRSB
superconductivity in Sr2RuO4:
 a chiral state with degenerated components(symmetry protected) of the order
parameter at zero strain.
 a non-chiral states with accidentally degenerated (or nearly degenerated) com-
ponents at zero strain.
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Chiral states
Although our data is in principle consistent with the chiral p wave (px ± ipy) or-
der parameter discussed in the context of Sr2RuO4 over the years, especially in
light of the recent experiments, triplet pairing turns out to be really unlikely in
Sr2RuO4[SZB+17, PLC+19, SSK+19, CPK+21]. Therefore, considering that the or-
der parameter might be both even-parity and chiral lead us to an apparently unlikely
order parameter: dxz ± idyz. Another l = 2 chiral order parameter, dx2−y2 ± idxy is
ruled out(most likely) by the tetragonal electronic structure of Sr2RuO4: it is not
expected for the dxy and dx2−y2 components to be degenerate or near-degenerate.
Let us focus on the possibility of chiral, dxz ± idyz order. Recent ultrasound mea-
surements give evidence for two-component superconductivity [GSJ+20, BLP+21],
and although this order parameter comes along strong thermodynamic constraints,
there are plausible mechanisms to reconcile it with experimental data. The primary
constraint is the absence of a resolvable second transition in heat capacity data
on uniaxially stressed Sr2RuO4: experiments constrain any heat capacity jump at
TTRSB to be less than 5% as large as that at Tc [LKS+21]. The physical meaning is
that the individual components dxz or dyz would be nearly degenerate with the com-
bined order parameter dxz ± idyz, due to competition between the two components.
Introducing the dyz component increases the condensation energy by lling in a gap
node, however, it would also cost condensation energy by introducing a frustration,
through the π/2 phase shift in pair scattering. This circumstance might not be
straightforwardly obtained in weak-coupling calculations of the gap structure, but
it is a physical possibility.
We note further that weak-coupling calculations such as in [RSF+19] give nodes
that have very narrow opening angles. Therefore the gain in the condensation en-
ergy(depends on the gap squared, |∆(
−→
k )|2 averaged over the Fermi surface) from
lling in such nodes by introducing chirality becomes small. This hypothesis is con-
sistent with known properties of Sr2RuO4. Magnetic uctuations are known to have
a ne-grained structure in momentum space, with particularly strong uctuations
around q∼0 and q = (0.3, 0.3, qz) [SBB+99, SSK+19, BSB+02], but also resolvable
uctuations at other q's[IKK+11]. As a result, calculations for superconductivity
induced by magnetic uctuations typically give highly non-trivial gap structures,
where the phase and amplitude of the gap varies on short length scales in k space,
and often a large number of accidental nodes appear[NY02, WPY+13, SRS14].
In a Ginzburg-Landau model of a two-component order parameter, the ratio of the
slopes |dTTRSB/dσ| and |dTc/dσ| is inverse to the ratio of heat capacity jumps at
TTRSB and Tc(see the supplementary material in [GGS+21] for the derivation). This
observation constrains |dTTRSB/dσ| to be at least 20 times larger than |dTc/dσ| in
the limit σ → 0, which is in apparent contradiction to our observation that TTRSB
is weakly suppressed while Tc is strongly enhanced under uniaxial stress. However,
on a closer look the modest stress dependence of TTRSB observed in this work is not
at odds with the theoretical expectation. As the Lifshitz transition at −0.7 GPa is
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approached, the stress-induced change that occur in the Fermi surfaces of Sr2RuO4
is anisotropic in xy-plane as shown at the inset of Fig. 7.0.1. Taking the sample to
be compressed along the x direction, the largest Fermi sheet stretches along ky and,
at −0.7 GPa, contacts the Van Hove point at Y. Near this point the Fermi velocity
is suppressed and the density of states is high, but it lies within a node of the xz
component(hypothesizing a dxz ± idyz order parameter), so it is the yz component
whose transition temperature would be strongly enhanced. The density of states on
the sections of Fermi surface facing the X point, where the xz component is expected
to have maximum amplitude, has a much weaker stress dependence. It is therefore
fully consistent with the electronic structure of Sr2RuO4 that at large |σ|, Tc varies
strongly with stress while TTRSB does not.
Another possibility is that the range of validity of the σ → 0 limit is small. At small
|σ|, a suppression of TTRSB is probably observed(see Fig. 6.0.7(f-g)), while at large
|σ|, the dependence of Tc on σ is clearly non-linear, indicating that the small-σ limit
no longer applies. Furthermore, a very small heat capacity anomaly at TTRSB would
indicate that the chiral state is fragile, and then the eect of disorder must also be
considered. It is known that the superconductivity of Sr2RuO4 is extremely sensi-
tive to disorder[MHT+98]. Additionally, disorder and uctuations are predicted to
round o the cusp at low stresses, in the mean-eld phase diagram [FB16, YR19],
potentially obscuring the intrinsic small-σ behaviour. In [YR19], strain inhomogene-
ity was analysed theoretically and found to round the V-shaped strain dependences
of Tc and TTRSB predicted in mean-eld calculations into parabolas; a very similar
analysis could be applied to a spatially-varying disorder landscape. At high stresses,
the approach to the Lifshitz transition is a strongly non-linear process, and therefore
linear extrapolations based on Landau theory at low stresses should not be applied.
At high stresses, stress-driven suppression of TTRSB could be balanced, by the overall
strengthening of superconductivity.
It is however unclear how the dxz ± idyz state can be stabilized on the surface
parallel to the crystal ab-plane in layered materials as Sr2RuO4. For example, it was
proposed that the locally broken inversion symmetry on these surfaces can result
in TRS preserving surface superconductivity in Sr2RuO4[SAS17], oering possible
explanation for the observed discrepancy between the bulk and at least some of the
surface sensitive experiments.
A recent proposal of inter-orbital pairing delivers a possible mechanism to obtain a
dxz ± idyz order parameter in Sr2RuO4. Cooper pairing between electrons belonging
to dierent orbitals becomes feasible when spinorbit and Hund's rule couplings are
non-negligible in comparison with the Fermi energy; what should be their necessary
strength is a subject of debate[PK12, RS19, SMB+19]. So far, no widely accepted
examples of this type of superconductivity has been found. The key feature of
this proposal is with such inter-orbital pairing in Sr2RuO4, it is possible that the
dxz ± idyz symmetry is encoded in the local orbital degrees of freedom instead of the
k dependence of the gap, such that interlayer pairing is no longer required. This
form of pairing is also being considered for URu2Si2[KIS+07, SBT+15]. The general
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importance of orbital degrees of freedom in superconductivity is a subject of ongoing
discussion. The situation with Sr2RuO4 is particularly capable of oering a clean
test: if the order parameter is in fact dxz ± idyz, then it might be the case that it
can only be obtained through inter-orbital pairing.
Accidentally degenerate states
Other recently-discussed even-parity order parameters include s± idx2−y2 [RSE+19],
s±idxy[RKM+20] and dx2−y2±igxy(x2−y2) [KYRT20, Wil20]. These proposals provide
a novel alternative for TRSB order parameters without horizontal line nodes. But
they require tuning to obtain TTRSB ≈ Tc, it is argued in [RSE+19] and [KYRT20]
that such tuning is realistic. A major attraction of these scenario: because the
proposed degeneracy with these order parameters is tuned rather than symmetry-
protected, there are no fundamental thermodynamic constraints on the relative
stress dependences of TTRSB and Tc.
In case of these accidentally degenerate order parameters that are not symmetry-
protected, there are no symmetry constraints on the slopes of the transitions unlike
the case for chiral scenarios[YBK21]. For dx2−y2 ± igxy(x2−y2), the d component is
allowed to have a stronger dependence on stress than the g component, and this is in
principle plausible : as the Van Hove point lies in an anti-node of the d component
but a node of the g component. Biaxial strain, in which the tetragonal lattice
symmetry is preserved while the lattice constant ratio c/a is altered, may provide
resolution: it might aect the accidental degeneracies in s ± idx2−y2 , s ± idxy, and
dx2−y2 ± igxy(x2−y2) orders, but not the symmetry-protected degeneracy in dxz ± idyz
order.
On the other hand, calculations by A. T. Rømer et al., demonstrate that gxy(x2−y2)
component is nearly strain independent in whole pressure range towards to the
strain induced magnetic phase [RSE+19] in qualitative accord with our experimental
observations. This proposal naturally overcomes also the problem of missing upward
cusp in the strain dependence of Tc and lacking edge currents. However, further
theoretical works are needed to elaborate it, in particular, to explain a lacking
anomaly at TTRSB in the specic heat, observation of Kerr eect, and anomaly in
ultrasound velocity.
There have been recent proposals concerning the role of inhomogeneous time-reversal
symmetry breaking in Sr2RuO4 [WHFS20, YBK21]. The general idea being : there is
a primary single component order parameter present in the bulk(dx2−y2), but strain
elds around dislocations generate order parameters with dierent symmetries lo-
cally. These two order parameters are able to combine in a complex way(dx2−y2 ±
igxy(x2−y2) ), thus breaking the TRS. Since this eect appear only around defects
but it's not bulk-like, its signature in the thermodynamics are expected to be min-
imal. And according to this proposal, the scale of the enhancement in the muon
spin relaxation rate would vary from sample to sample and the amaplitude of the
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enhanced signal would depend on the dislocation density. In case of our Sr2RuO4
samples studied by µSR, dislocation densities were estimated to be below 1E+11/m2
as observed by TEM [Prie]. It corresponds to a dislocation distance of the order of
a thousand lattice constants and whether for this low dislocation density the above
mentioned mechanism is feasible, is not clear yet.
To solve mysteries regarding order parameter symmetry of an unconventional su-
perconductor one might consider exploring the neighbouring phase space. Hydro-
static pressure is often used in this regard, but in Sr2RuO4 its eects were found
to be less interesting as opposed to its uniaxial counterpart-until very recently. Hy-
drostatic pressure is known to suppress Tc and reduce the quasi-particle mass en-
hancements[FJB+02]. Very recently, µSR experiments were performed on undoped
Sr2RuO4 under hydrostatic pressure, where the maximum pressure reached was
0.95 GPa[GDG+21]. Hydrostatic pressure preserves the tetragonal lattice symme-
try while changing Tc : so for a symmetry protected degenerate order parameter,
TTRSB is expected to follow Tc, while the transitions should split in case of acci-
dentally degenerate order parameters. Interestingly, clear suppression of TTRSB was
observed with hydrostatic pressure, at a rate matching the suppression of Tc. This
result adds to our argument : enhanced muon spin relaxation does indicate TRSB
superconductivity. While the tetragonal lattice symmetry is preserved, TTRSB tracks
Tc and at the same time, the splitting induced by symmetry breaking uniaxial stress
shows denitively, that it is a distinct transition by itself. These latest µSR results,
combined with ultrasound, polar Kerr eect measurements and crucially, the NMR
Knight shift behaviour are consistent with the proposition of the chiral dxz ± idyz
wave state.
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7 Summary and Outlook
In this work, the superconducting state of Sr2RuO4 has been studied by muon-spin
relaxation(µSR) experiments, under uniaxial pressure. For that purpose, a dedicated
piezoelectric based uniaxial pressure cell was developed. The µSR experiments were
performed at the Dolly spectrometer of the piE1 muon beamline of Swiss Muon
source.
In this thesis, I report the development, calibration and realization of the custom
piezoelectric-driven uniaxial pressure cell [GBN+20]. It is loosely based on the com-
mercially available uniaxial strain devices, however accommodating the large sam-
ples suitable for practical µSR measurements necessitates a substantially dierent
and much more technically challenging design. This pressure cell can apply compres-
sive forces up to 1000 N, oering in-situ strain tuning over a wide temperature range
including cryogenic temperatures. Since time is critical during facility experiments,
samples are mounted in detachable holders that can be rapidly exchanged. Using
this pressure cell, an uniaxial stress exceeding 1 GPa was achieved in a sample of
Sr2RuO4, having an active sample volume of 5 mm3. The sample was found to be
intact after the µSR measurements.
I hope over the course of this thesis, I could portray the practical challenges of such
a technical development, to be combined with a time restricted facility experiment
like µSR. Our very rst set of µSR measurements were performed with a prototype
of the uniaxial pressure cell[HGBK], where a sample of Sr2RuO4 was compressed by
0.2-0.3%, and the superconductivity was correspondingly enhanced. Based on the
experiential learning, major developments were made in the uniaxial pressure cell
in comparison to the prototype:
 The piezo actuators are made accessible for easy replacement.
 The sample mounting involved less separate parts, and we have the necessary
lines of sight to the sample.
 The preload force is adjustable.
 Commercially available resistive strain gauges (arranged in Wheatstone bridge
circuits) are installed for measuring the force applied to the sample and the
corresponding displacement to the sample+ epoxy conguration. They are
read out in real time with standard lock-in ampliers allowing controlling and
monitoring the pressure application process and nding the activation volt-
age for true zero force position at the sample. The latter one is essential for
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temperature compensation and consequently reliable estimation of the applied
stress. I have shown example cases that emphasize the importance of having
both sensors: to avoid wasting measurement time it is essential to know as
soon as possible if the sample becomes damaged under the applied stress.
Additionally, it is important to constantly monitor the stress value over the
course of µSR measurements. Both of the sensors were calibrated by indepen-
dent methods. For force sensor we used known weights and for displacement
sensor we used Michelson interferometry.
Due mainly to the limitations in the available space, which enhances the possibilities
of high voltage sparking and thermal contact between the pressure cell and the inner
tail, we had an increased lowest temperature of ∼0.8 K in our rst beamtime with
the pressure cell. A new set of tails was designed for the cryostats with a larger inner
sample space diameter, to avoid such issues. With this new set-up and an increased
thermal anchoring of the sample stage to the 3He pot, the lowest temperature at the
sample went down to ∼0.45 K. Simultaneously, instead of using a cryogenic woven
loom, Printed circuit board (PCB) with redundant miniaturized connectors were
installed in the pressure cell, in order to simplify the electrical connections network,
and to enhance the overall stability. This resulted in a complete new electrical wiring
arrangements of force and displacement sensors, temperature sensors at the sample
holder and ac-susceptibility coils. This development in the electrical connection
sector was essential for a reliable operation of the apparatus, e.g. in a future facility
operation mode. An extensive user manual for the latest version of the pressure cell
has been written by me, that can be made available upon request[Gho19]. Interested
persons are encouraged to contact Prof. Dr. Hans-Henning Klauss.
We presented data from several Sr2RuO4 samples of high quality, building up the
most extensive data set on the phenomenology of enhanced muon spin relaxation
in a single material available so far. In experiments with the pressure cell, several
measures were taken to minimize the background signal: by using hematite masks
to cover the portions of the Ti sample holder intruding the beam, by increasing
the open space around the sample and having larger sample area in front of the
beam. While analysing the µSR data, a non-relaxing background was assumed for
all the samples: we have clearly demonstrated that in assuming a dierent form of
background changes the absolute values of the muon spin relaxation rate λ, but it
negligibly aects the relative values. It is therefore not advisable to compare the ab-
solute values of λ across dierent samples. Furthermore, we looked for experimental
verication whether the background aects the observed TTRSB or the magnitude of
the change in λ below TTRSB. For that purpose, we measured two dierent Sr2RuO4
samples from the same rod(∼1.5 cm apart) having identical Tc. Only one of them
were mounted within the pressure cell but no force was applied. While having dier-
ent backgrounds most likely results in dierent absolute values of λ for each sample,
importantly, TTRSB and the change in λ below TTRSB have very similar values for
both samples.
Another control measurement was performed by fully covering the Sr2RuO4 sam-
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ple with hematite masks, to conrm that the enhanced µSR below TTRSB is not an
artefact of the background material or hematite masks. After implantation within
the hematite, muons get depolarized within ∼50 ns, due to its strong antiferro-
magnetism. Weak transverse eld measurements in this set-up(i.e. sample covered
with the hematite) showed that ∼10% of muons get implanted into the non-relaxing
background materials such as cryostat walls. Whereas zero eld measurements con-
rmed that the background muon spins relax over a time scale of several µS and
most importantly, it has no signicant temperature dependence. These measure-
ments addressing the background contribution in the signal as well as type of the
background conrm that enhancement in the relaxation rate below TTRSB is a prop-
erty of Sr2RuO4, not something else in the system.
To verify whether any weak magnetic anomalies are present at low temperatures
in the normal state of Sr2RuO4 or can be induced by high magnetic eld, we per-
formed Knight shift measurements without stress. This high resolution Knight shift
measurement was performed in the HAL spectrometer of the Swiss muon source, a
eld of 8 T was applied in the ab plane and the muon spin was parallel to the c axis
of the crystal. Below 4 K, no resolvable change in the line width or Knight shift
was observed, that would indicate any structural transition which could have been
responsible for the relaxation rate enhancement, such as by potential alteration of
the muon stopping sites.
Finally, we have shown that under uniaxial stress, the onset temperature of en-
hanced muon spin relaxation, TTRSB, splits from Tc : a discovery showing deni-
tively that the signal at TTRSB is not an artefact of a conventional superconducting
transition. Additionally, for the rst time it was found that under a uniaxial stress
of -1.0 GPa (negative sign denotes compression), magnetic order appears in un-
doped Sr2RuO4 [GGS+21]. Our data is summarized in the phase diagram shown
in Fig. 7.0.1. The stress values are calculated using the known stress dependence
of Tc. Bulk superconducting temperature was measured by specic heat and/or
transverse eld µSR, which conrmed that the full volume of the samples were
superconducting. Additionally, for the samples studied under stress, we used in-
situ diamagnetic susceptibility measurements to track Tc, which followed the known
behaviour. In the previous chapter, I have discussed several possible magnetic
mechanisms, that could give rise to the weak exponential muon spin relaxation
enhancement seen below TTRSB. We nd none of them to be consistent with our
observation. The close correlation between Tc and TTRSB in unstressed Sr2RuO4
[LFK+98, LFK+00, SFC+12, HKK+14, GGS+21], the observation of stress-induced
splitting and nally, the absence of plausible magnetic mechanism-lead us to the
conclusion that enhanced muon spin relaxation almost certainly marks a transition
of the superconducting state in Sr2RuO4. For the relevant discussion of the possible
scenarios regarding the superconducting order parameter of Sr2RuO4, the reader is
referred back to the previous chapter(see sec. 6.0.5.2).
After more than two decades of research, the overall situation for Sr2RuO4 is that
there appears to be no choice of the superconducting order parameter that would
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Figure 7.0.1: Experimental phase diagram. The stress-temperature phase
diagram of Sr2RuO4 based on this work. SDW stands for spin
density wave. SC denotes a single component superconducting
state, and TRSB SC denotes two-component superconductivity.
Possible even-parity candidates are d+ id, s+ id and d+ ig. Data
are plotted against stress, which can be converted to strain using
the low-temperature Young's modulus of 160 GPa [BLS+19]. Re-
produced from [GGS+21].
Inset: Stress-induced changes in the Fermi surfaces of Sr2RuO4:
the peak in Tc occurs approximately at the stress where the largest
Fermi surface passes through a Lifshitz transition, at the Y point
of the Brillouin zone [BLS+19]. The displayed error bars corre-
spond to the 10% and 90% criteria of the a.c. susceptibility signal
change at the superconducting transition.
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reconcile all experimental data without some form of tuning. In regards to the pres-
ence of two component superconductivity in Sr2RuO4, ultrasound measurements
reported in [GSJ+20] certainly provides food for thought. An observed jump of the
sound velocity is argued to be the evidence for a chiral d superconducting state. It
has been proposed: to use the Ehrenfest relations to compare the ultrasound data
quantitatively with the uniaxial stress dependence of TTRSB, for example, in µSR ex-
periments. It will therefore be vital to perform this comparison, since it is expected
to provide us direct thermodynamic evidence in favour of TRSB superconductivity
in Sr2RuO4, which has not been detected through high resolution specic heat mea-
surements under strain [LKS+21]. To make a quantitative comparison between µSR
and ultrasound data, ZF-µSR experiments must be done for strain along ⟨110⟩. Tc
is known to vary weakly under strain along this direction with a linear dependence
[HBY+14] which is asymmetric around zero strain and since this strain also lowers
the symmetry of the tetragonal lattice, we might expect to see a splitting of the
transitions, as suggested by the ultrasound measurements [GSJ+20].
One essential direction could be to gain insights regarding the microscopic mecha-
nism that continues to remain uncovered: how spontaneous currents and TRS break-
ing magnetization generates in the superconducting state, only in a small number
of systems. We expect disorder to play an illuminating role, in this regard. In
Sr2RuO4, Ru inclusions are known to enhance the strength of spontaneous elds, by
a signicant amount[SFC+12]. Substitution of La for Sr adds electrons to the Fermi
surfaces and drives the largest Fermi surface through a Lifshitz transition[SKB+07].
Recently ZF-µSR measurements were performed on Sr2-yLayRuO4 with y=0.02: this
amount of La substitution reduces Tc to 0.7 K. Like in the case of hydrostatic mea-
surements, TTRSB was seen to follow Tc in this disordered sample as well, no splitting
was observed in contrast to the uniaxial pressure measurements [GDG+21]. These
measurements set the stage for systematic study of the inuence of disorders, that
have been lacking so far. Such as increasing the defect density by heavy-ion irradi-
ation and then studying the response of the internal magnetic eld, that causes the
muon spin relaxation enhancement in the superconducting state. Detailed study of
deliberately disordered samples is expected to be useful in determining the strength
and direction of spontaneous currents in TRSB superconductors in general.
Another interesting direction to pursue might be the Knight shift measurements at
high eld. In the light of our recent ndings of the strain induced magnetic phase,
any knowledge of the muon stopping sites in Sr2RuO4 will turn out to be valuable.
It would certainly be useful to experimentally determine the number of the muon
stopping sites through high-eld µSR measurements. Similar kind of experiments
has already been successfully applied for FeSe[GSM+18, GDS+19].
Independent of the ongoing debate regarding the superconducting order parameter,
the discovery of magnetic order in undoped Sr2RuO4 opens the door to a range
of experiments probing the onset of magnetic order, for example on the degree of
nesting required to induce order, in the absence of defect broadening. The internal
eld distribution in the magnetic state observed at high stress is well-described
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by a Bessel function, the eld distribution expected for an incommensurate spin
density wave. We have shown explicitly, that a damped cosine form, expected for
commensurate magnetic order such as ferromagnetism does not t the data well.
Functional renormalization group calculations reported in [LZRW17] have predicted
stress-induced magnetic order in Sr2RuO4, but it was predicted to appear before
the Lifshitz transition, in contrast to our observation. Possible nesting vectors for
the stress induced magnetic order were already discussed in [LZRW17] but it needs
to be revisited in the view of our data. The appearance of this order serves as a
vital data point, in a clean, tunable system, to constrain calculations of electronic
correlations in Sr2RuO4. The interaction of superconductivity and magnetic order
is also an important topic for future study. The SDW state can be studied using a
variety of dierent experimental probes, such as resistivity, specic heat or neutron
diraction. The last one is particularly useful in determining the spatial structure of
the density wave, as neutrons are sensitive to the magnetic moments of the electrons.
The remarkable tunability allows precise questions on the interaction of the bands
in Sr2RuO4 to be tested. For example, it would be important to know, whether the
dominant q of the emergent magnetic order can be accurately predicted from rst-
principles calculations. With knowledge of q, one could try deducing whether this
order lives primarily on the γ sheet or the α and β sheets: thereby allowing discussion
of how the magnetic order interacts with the superconductivity. It would also form
a test of functional renormalisation group calculations of ordering tendencies.
The uniaxial pressure cell, developed over the course of this work, is expected to
strongly widen the range of applications of µSR technique, especially for studying
metals and correlated electron systems with a focus on unconventional supercon-
ductors, low-dimensional quantum magnets, and topological materials wherein the
Fermi surface or magnetic interaction strengths can be tuned leading to strong
modications of the electronic state. The static spin-stripe order and superconduc-
tivity of La1.885Ba0.115CuO4 was studied using µSR under uniaxial stress, with our
pressure cell[GDW+20]. Also, a replica of this pressure cell was used for studying
CeAuSb2 samples with an exposed, pressurised volume of ∼0.6 mm3 with neutrons
at the WISH facility at the ISIS spallation source. An uniaxial stress of 440 MPa
was reached, and a stress-induced change in the magnetic order was found [Prid].
In the near future, it would certainly be interesting to study the class of super-
conductors that have shown enhanced muon spin relaxation, as the number keeps
growing[HWS+89, LKL+93, MSK+10, HQM+12, SSG+18, GSK+20]. Sr2RuO4 was a
good starting point for us, as its superconductivity is strongly perturbed by uniaxial
pressure, and because it has good mechanical properties.
On a concluding note, the data presented in this thesis are consistent with two
component superconductivity in Sr2RuO4 that breaks time reversal symmetry. The
observed strain induced magnetic order well above the Lifshitz transition advocates
against a magnetic origin for the TRSB phase at lower strain. Exact structure of the
superconducting order parameter and the underlying pairing mechanism remains
illusive so far, encouraging further exploration. I sincerely hope that the work
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presented in this thesis will provide strong motivation for extending the frontiers.
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Estimation of stress
1 2 3 4
321
Sample 4 :
0 GPa
Sample : 
-0.09 GPa
-0.54 GPa4
πχ
T(K)
0
-1
2
Figure 0.1: Calculating the stress: (Left panel) a.c. susceptibility curves
measured in-situ at dierent stress values below the peak in Tc for
Sample 2 and 4. (Right panel) Force sensor calibration for sample
2. The 0 GPa value is taken from Tc of Sample 4, which was imme-
diately adjacent to Sample 2 in the original rod(sample 8).
For estimating the stress values reported in chapter 5, the force sensor was calibrated
using the known stress dependence of Tc [BLS+19], in case of each sample. For
Samples 2 and 3, Tc was identied as the midpoint of the transition in susceptibility;
due to the width of the superconducting transition near the Lifshitz transition, only
data with |σ| < 0.53 GPa were used(see Fig. 0.1). Sample 4 was tuned to the
maximum Tc, which occurs at -0.70 GPa, as reported in [BLS+19].
Fig. 0.2 shows all of the in-situ a.c. susceptibility measurements on the samples,
that were measured under uniaxial pressure using µSR. The stress values shown in
bold, indicate the a.c. susceptibility measurements performed right before starting
the µSR measurements.
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Figure 0.2: a.c susceptibility curves of the samples at various applied forces,
measured in-situ. The raw Lock-In-amplier voltage data are shown
without normalization, but with subtraction of an oset voltage V0
at each stress.
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